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LOW-TEMPERATURE  BRITTLENESS  OF  REFRACTORY  METALS 


H.W.  Schadler  and  J.  R.  Low,  Jr. 


I.  INTRODUCTION 


Summary  Statement 

The  relation  between  the  macroscopic  and  microscopic  flow  character¬ 
istic  of  body-centered  cubic  metals  and  the  ductile  to  brittle  transition  which  is 
characteristic  of  some  of  them  has  been  the  subject  of  intense  investigation  for 
many  years.  The  importance  of  this  phenomenon  to  the  use  of  steel  as  an 
engineering  material  has  naturally  meant  that  the  early  work  was  primarily  done 
on  steels.  However,  as  the  need  for  the  use  of  the  body-centered  cubic  refractory 
metals  of  Groups  VIA  and  VILA  of  the  Periodic  Table  has  increased,  so  has  the 
need  to  understand  the  ductile  to  brittle  transition  in  these  materials.  Notably 
important  are  the  metals:  Cr,  Mo,  and  W. 

Assuming  that  a  sound  understanding  of  the  flow  behavior  of  these 
metals  is  important  to  an  understanding  of  the  ductile  to  brittle  transition,  the 
work  described  in  this  report  was  undertaken  on  tungsten.  Tungsten  was  select¬ 
ed  for  several  reasons:  first,  because  being  the  metal  with  the  highest  melting 
point  it  represents  the  last  chance  of  the  metallurgist  to  satisfy  the  need  for  a 
high- temperature  material,  and  second  because  its  high  melting  point  should  be 
an  advantage  in  the  preparation  of  pure  material.  Third,  at  the  start  of  this 
contract  a  dislocation  etch-pitting  technique  was  reported  for  tungsten  and  it  was 
felt  that  the  etch-pitting  technique  would  be  an  advantage  in  studying  the  micro¬ 
scopic  flow  characteristics.  The  preparation  of  pure  material  was  felt  to  be 
essential  to  the  basic  understanding  of  the  flow  behavior  because  purity  is  known 
to  influence  the  flow  and  fracture  characteristics  of  other  body-centered  cubic 
metals. 


The  work  has  taken  on  Lhree  general  aspects:  (1)  the  production  of  high- 
purity  material,  (2)  determination  of  the  modes  of  deformation  and  the  mechgin- 
ica]  properties  of  tungsten  single  crystals  as  a  function  of  temperature,  and 
(3)  the  behavior  of  individual  dislocations.  The  tungsten  was  produced  in  the  form 
of  single  crystals  and  purified  using  the  electron  bombardment  floating  zone 
refining  technique  developed  by  Calverly,  Davis,  and  Lever (^)*  in  1957.  The  modes 
of  deformation  and  mechanical  properties  were  determined  at  temperatures  of  from 
500°  to  20°K  using  standard  techniques  and  the  single  crystals.  The  behavior  of 
indiv^al  dislocations  was  observed  with  the  aid  of  the  etch-pitting  technique  of 
Wolff^'  and  the  technique  of  Stein  and  Low(3)  for  measuring  dislocation  velocities. 


♦Numbers  refer  to  references  at  end  of  report. 


This  report  is  organized  about  these  three  general  areas  and  in  addition 
includes  two  appendices:  A,  a  study  of  the  recrystallization  characteristics  of  cold> 
worked  single  crystals,  and  B,  a  brief  report  on  crystallography  of  twins  in  Mo> 

35  A/o  He  single  crystal.  As  in  most  scientific  investigations,  not  all  of  the  goals 
have  been  reached  to  date  and  not  all  of  the  questions  answered,  but  it  is  hoped  that 
this  work  when  coupled  with  current  and  subsequent  work  will  add  to  our  under* 
standing  of  the  mechanical  behavior  of  body*centered  cubic  metals  and  alloys. 
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n.  GROWTH  OF  TUNGSTEN  SINGLE  CRYSTALS 
BY  ELECTRON  BOMBARDMENT  FLOATING  ZONE-REFINING 
AND  PREPARATION  OF  SPECIMENS 


Introduction 


At  the  time  of  the  initiation  of  this  contract  the  decision  was  made  to  adopt 
a  simple  and  reproducible  technique  for  the  production  of  high-purity  timgsten.  The 
technique  chosen  was  the  then  new  electron  bombardment  floating  zone-refining 
technique  developed  by  Calverly,  Davis,  and  Lever.  (^)  It  offered  the  advantages  of 
zone  refining  and  the  growth  of  single  crystals  in  a  vacuum  and  free  from  contact 
with  other  metals.  At  the  same  time  it  is  relatively  simple  to  build  and  to  operate. 
This  section  of  the  report  describes  the  physical  apparatus,  the  operating  character¬ 
istics,  and  the  growth  conditions  used  for  the  tungsten  crystals  produced.  In  addition, 
the  structure  of  the  crystals  grown  is  described,  and  the  purity  of  the  crystals  is 
discussed.  A  description  of  the  procedures  used  to  prepare  tensile  and  bend  speci¬ 
mens  for  testing  is  included.'^ 

Electron  Beam  Floating  Zone-Refining  Equipment 

The  basic  concept  of  electrdn  bombardment  floating  zone-refining  is  shown 
in  Fig.  1.  Electrons,  thermionicaHy  emitted  from  a  hot  filament,  are  accelerated 
by  a  d-c  potential  of  from  1  to  20  kilovolts  to  the  specimen  where  they  give  up  their 
excess  kinetic  energy  as  heat.  The  excess  energy  is  dissipated  within  a  distance 
equal  to  the  mean  free  path  of  the  electron  in  the  liquid,  and  heating  of  the  specimen 
interior  is  by  conduction.  This  process  requires  a  vacuum  of  less  than  1  micron 
and  hence  affords  the  possibility  of  producing  purer  material  than  other  consolidation 
techniques.  The  principal  components  of  the  equipment  are:  (1)  the  vacuum  system, 
(2)  the  power  supplies  for  the  emitter  and  the  accelerating  voltage,  and  (3)  the 
emitter  configuration  and  the  sample  holders. 

The  vacuum  system  is  the  standard  bell  jar  type  fitted  with  a  liquid 
nitrogen  cold  trap  and  a  200  liter/min  oil  diffusion  pump  topped  with  a  water-cooled 
baffle.  The  system  is  equipped  with  three  valves  which  permit  both  opening  the 
system  to  air  and  rough  pumping  of  the  bell  jar  without  turning  off  the  diffusion  pump. 
A  ballasted  Welch  fore  pump  was  used.  The  system  has  an  ultimate  pressure  of 
about  10"®  mm  of  Hg  and  operates  at  10"®  mm  of  Hg  when  trapped. 

In  the  bell  jar  are  the  sample  holders  and  the  emitter  and  focusing  shields 
designed  to  control  the  length  of  the  molten  zone.  In  this  particular  design  the 
sample  was  held  fixed  and  the  emitter  was  moved  vertically  along  the  specimen. 
Motion  was  provided  by  a  ball  bearing  screw  thread  driven  by  variable  speed  motors 
through  a  Wilson- type  seal  mounted  in  the  base  plate  of  the  bell  jar.  Speeds  of  from 
0.  I  mm/min  to  20  mm/min  were  available.  The  emitter  used  was  a  0.015-inch 
tungsten  wire  of  the  General  Electric  nonsag  type  with  the  shape  shown  in  Fig.  2(c) . 
The  wire  fitted  into  a  0.018-inch  hole  in  molybdenum  cylinders  which  were  held  by 
copper  blocks  to  which  flexible  power  leads  were  attached.  The  focusing  shields. 
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shown  In  Fig.  3,  were  tantalum  sheets  held  in  place  by  a  tungsten  cylinder.  The 
drawing  in  Fig.  3  gives  the  dimensions  of  the  focusing  arrangement  used  to  melt 
the  1/8-inch-diameter  tungsten  rods  used  as  the  starting  material. 

To  produce  single  crystals  of  controlled  orientations  from  a  single  crystal 
seed,  the  goniometer  shown  in  Fig.  4  proved  very  satisfactory.  A  crystal  of  any 
orientation  could  be  produced  from  a  given  seed  with  this  arrangement  if  several 
successive  rotations  were  employed.  The  seeding  technique  employed  was  to  cut 
the  seed  crystal  so  that  its  lower  surface  was  parallel  to  the  top  of  the  lower  rod. 

To  insure  the  propagation  of  the  seed  crystal  and  not  some  stray  crystal  in  the 
lower  polycrystalline  rod,  the  seed  crystal  was  first  welded  to  the  lower  rod  using 
the  electron  beam  and  then  the  first  zone-melting  pass  was  started  in  the  seed 
crystal  itself.  Motion  of  the  molten  zone  was  always  from  top  to  bottom. 

The  basic  electrical  circuit  used  for  zone-melting  is  illustrated  in  Fig.  5. 

The  essential  features  are:  the  emitter  and  focusing  arrangement  already 
described,  the  d-c  power  source,  the  filament  supply,  and  an  emission  controller. 

The  d-c  supply  is  a  standard  filtered  0-5000v,  500  ma  supply.  The  a-c  filament 
supply  and  its  integral  control  circuit  are  shown  schematicaUy  in  Fig.  6.  F.  Dickey 
of  our  laboratory  designed  this  controller.  The  principle  of  its  operation  is  that 
the  emission  current  is  monitored  by  measuring  the  voltage  £u:ross  a  fixed  resistance. 
After  comparison  with  a  voltage  (variable  at  the  operator*  s  choice),  the  difference 
signal  is  used  to  control  the  d-c  current  to  a  saturable  reactor  and  thus  control  the 
filament  current.  The  filament  current  determines  the  filament  temperature  and 
hence  the  electron  emission.  The  circuit  is  similar  ih  principle  to  Calverly's 
original  design. 

Since  control  of  the  power  input  is  accomplished  by  controlling  the  temper¬ 
ature  of  the  cathode,  optimum  control  is  experienced  when  the  unit  is  operated  in 
the  emission  limited  rather  than  the  space-charge  limited  range.  For  the  emitter 
configuration  previously  described,  the  voltage  required  to  prevent  space-charge 
limitation  can  be  determined  experimentally  by  measuring  the  emission  current  as 
a  function  of  applied  voltage  for  various  cathode  temperatures.  Figixre  7  illustrates 
data  obtained  for  the  emitter  configuration  shown  in  Fig.  3  and  a  1/8-inch-diameter 
tungsten  rod  as  the  anode.  Since  the  space-charge  limited  current  is  proportional 
to  the  3/2  power  of  the  voltage (^)  (see  Spangenberg,  1948),  the  data  taken  at  low 
voltages  can  be  used  to  predict  the  theoretical  space-charged  limited  current  at 
higher  voltages.  In  Fig.  7  this  curve  is  designated,  I  *  3. 79  x  10"*v  V*. 

The  curves  designated  ll.Q^  to  12. 54  are  data  taken  with  the  indicated 
filament  current  held  fixed.  If  the  filament  current  were  the  only  power  available 
to  the  filament,  all  of  these  curves  should  be  almost  horizontal  at  high  voltages 
because  the  emission  current  is  limited  by  the  filament  temperature.  In  fact,  when 
the  anode  becomes  hotter  than  the  filament,  the  filament  is  back  heated  by  radiation. 
This  is  the  reason  that  the  curves  designated  12.04  and  12. 54  show  the  upward 
trend  at  higher  voltages. 


Operating  Characteristics  and  Growth  Conditions 


The  equipment  described  above  was  used  to  produce  all  of  the  material 
used  during  the  course  of  this  contract.  As  is  evident  from  subsequent  discussion 
and  the  work  of  many  other  investigators,  (1»  5, 6)  refractory  metals  produced  by 
electron  bombardment  floating  zone-refining  always  crystallize  as  single  crystals 
unless  extremely  high  zone  speeds  are  used.  (7)  High  zone  speeds  and  hence  high 
growth  rates  mean  a  sacrifice  of  purity.  Subsequently,  all  crystals  were  grown 
at  3  mm/min,  a  speed  which  represents  a  compromise  between  the  best  zone¬ 
refining  practice  and  obtaining  a  reasonable  yield  since  slower  growth  rates  led  to 
excessive  volatilization  of  the  tungsten.  All  crystals,  unless  noted  otherwise,  were 
grown  in  a  vacuum  of  less  than  10”^  mm  of  Hg. 

Some  insight  into  the  reasons  for  the  growth  of  single  crystals  by  electron 
bombardment  floating  zone-refining  can  be  gained  by  considering  the  temperature 
gradients  encountered  during  growth.  An  example  of  the  temperature  variation 
found  along  the  length  of  a  1/8-inch-diameter  tungsten  rod  is  shown  in  Fig.  8.  The 
temperature  was  measured  with  an  optical  pyrometer  and  the  readings  were  cor¬ 
rected  for  emissivity  and  the  thickness  of  the  glass.  Higher  temperature  measure¬ 
ments  were  not  attempted  because  of  volatilization  of  the  tungsten  or  impurities 
become  a  problem  above  2400“C.  Note  that  for  the  emitter  configuration  used  the 
temperature  gradient  is  in  excess  of  1000“  C/cm.  As  has  been  demonstrated,  a 
steep  temperature  gradient  is  conducive  to  the  growth  of  single  crystals  whether 
from  the  liquid  or  by  strain  anneal.  (8) 

Structure  and  Purity  of  Tungsten  Crystals  Produced 
by  Electron  Bombardment  Floating  Zone-Refining 

The  single  crystals  of  tungsten  produced  under  the  growth  condition 
described  above  were  1/8  inch  in  diameter  and  about  3  1/2  inches  long.  As 
determined  by  etch  pitting  (see  section  on  Etch  Pitting  for  details)  they  have  a  dis¬ 
location  density,  exclusive  of  sub-boundaries  of  between  10®  and. 10®  dislocation 
lines/cm®.  In  the  cross  section  there  are  about  six  subgrains  with  angular  rotation 
between  them  of  less  than  1/2“ .  The  subgrains  are  elongated  along  the  growth  axis 
of  the  crystal.  In  all,  about  100  crystals  of  various  orientations  were  grown. 


Several  times  early  in  the  course  of  this  program  crystals  were  grown 
under  conditions  of  exceptionally  high,  >10“^  mm  Hg,  pressure,  and  the  surface  of 
the  crystal  became  slightly  oxichzed.  Figure  9  show.s  the  surface  of  such  a  crystal 
on  which  the  surface  layer  was  identified  as  P-W,  W3O.  Although  this  is  an  isolated 
observation,  the  nature  of  the  oxide  is  interesting  enough  to  be  included.  There  is 
an  apparent  relation  between  the  underlying  tungsten  crystal  and  the  oxide  which 
was  not  investigated. 
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TABLE  I 


Typical  Analysis 


Material  Alter  Zone- 


Element 

Starting  Material 
(wt%) 

Refining— 2  Passes 
(wt 

Ca^ 

0.001 

<0.001 

.004 

<  .001 

Na^ 

.002 

<  .001 

Fe^ 

.001 

<  .001 

Mo^ 

.004 

.0001+ 

Si^ 

.002 

<  .001 

.00710.002 

.001  to  0.002  1  0.0010 

.0003  +  .0005 

.0001  to  .00021  .0002 

N 

.000031  .OOOl^^^ 

.0001  and  less 

H 

.000011  .00003 

No  analysis 

♦Spectrographic  analysis — light  emission  spectrography. 

"^Special  technique  described  by  Carlson.  (^)  Although  Carlson 
concluded  that  the  Mo  content  yaried  along  the  crystal,  further 
experiments  indicated  that  the  indicated  yariation  is  less  than  the 
experimental  error. 

♦♦Carbon  analyses  were  done  by  the  conductometric  technique. 

Oxygen  and  nitrogen  analyses  were  done  by  yacuum  fusion  on 
zone-refined  material. 

♦♦♦Nitrogen  analysis  on  starting  material  was  by  the  micro 
Kjeldahl  technique. 


It  is  difficult  to  be  very  specific  about  the  purity  of  the  tungsten  produced 
by  Lone-melting  because  of  the  limits  of  analytical  procedures.  Table  I  contains 
analyses  of  a  typical  starting  material  and  a  two-pass  crystal.  It  is  evident  that 
all  substitutionaJ  impurities  are  removed  to  a  level  below  the  detectable  limits  of 
the  standard  analytical  procedures  indicated.  Interstitial  impurities  are  also 
reduced  but  some  oxygen  (about  1  ±  1  ppm)  and  some  carbon  (about  10  ±  10  ppm  by 
weight)  always  remain.  Samples  taken  for  analysis  from  a  crystal  at  positions  of 
the  start  and  the  end  of  the  zone-refining  pass  show  no  difference  in  chemical 
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composition.  Under  the  circumstances  it  is  reasonable  to  ask  whether  or  not  any 
zone-refining  is  taking  place.  The  experiments  described  below  were  performed 
to  answer  these  questions. 

It  is  well  known  that  the  low- temperature  resistivity  of  a  metal  is  sensitive 
to  the  concentration  of  defects  and  impurities  present  in  solid  solution(®)  and  hence 
is  a  useful  tool  for  determining  the  relative  purity  of  two  samples  which  have  the 
same  thermal  and  mechanical  history.  It  was  hoped  that  a  correlation  between  the 
residual  resistivity  ratio  and  mechanical  properties  could  be  made  so  that  resis¬ 
tivity  measurements  could  be  used  to  screen  samples  which  would  be  subsequently 
used  for  mechanical  property  studies.  As  will  be  cleair  from  the  data  presented 
below  no  such  generad  correlation  could  be  made.  However,  the  resistivity 
measurements  did  prove  useful  in  that  they  definitely  established  that  zone-refining 
is  one  mechanism  of  purification  under  the  growth  conditions  used. 


TABLE  II 

Proportional  Limit  as  a  Function  of  Processing 

_ Proportional  Limit*^  at  298 °K _ 

Start  of  Zone-Refining  Pass  Finish  of  Zone-Refining  Pass 
No.  of  Passes*  _ (psi) _  _ (psi) _ 

1  38, 000  40, 000 

2  34, 000  37, 000 

3  30, 000  32, 000 

4  17,000 

♦Zone-refined  in  vacuum  of  10”®  at  3  mm/min. 

“^First  deviation  of  load-elongation  curve  from  linearity. 


The  influence  of  purity  on  mechanical  properties  is  illustrated  by  the  data 
in  Table  II.  Four  single  crystals  grown  from  the  same  seed  and  hence  with  the 
same  orientation  received  1,  2,  3,  and  4  zone-refining  passes,  respectively. 
Tensile  specimens,  fabricated  as  described  later,  were  made  from  the  two  halves 
of  the  crystal  and  their  proportional  limit**  was  determined.  As  is  evident  in  the 
table  there  is  a  consistent  variation  between  the  samples  taken  at  the  section  of  the 
crystal  which  was  the  start  and  the  section  of  the  crystal  which  was  the  end  of  the 
zone-refining  pass.  The  variation  is  just  beyoiid  the  limits  of  expected  error  in 
stress  but  indicates  there  must  be  a  higher  concentration  of  impurity  and/or  point 
defects  in  the  section  of  the  crystal  near  the  end  of  the  zone-rehning  pass.  The 


**The  first  deviation  of  the  load  elongation  curve  from  linearity. 
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differences  between  crystals  which  received  different  numbers  of  zone-refining 
passes  is  well  beyond  the  limit  of  experiment  error  and  definitely  shows  that 
additional  melting  increases  the  purity.  The  fact  that  zone-refining  is  actually 
occurring  in  the  growth  process  is  also  indicated  by  the  results  given  below  which 
were  taken  on  a  two-pass  crystal.  The  variation  of  residual  resistivity  ratio  of 
this  crystal  was  measured  along  its  length;  and  then  the  crystal  was  cut  into 
compression  specimens  0. 30  inch  long  and  0. 10  inch  in  diameter.  The  proportional 
limit  was  measured  in  compression  and  the  data  are  plotted  in  Fig.  10  along  with 
the  residual  resistivity  ratio.  It  is  apparent  there  is  a  general  correlation  between 
the  residual  resistivity  ratio  and  the  proportional  limit. 

Both  the  strength  and  the  residual  resistivity  ratio  indicate  a  variation  in 
composition  along  the  length  of  the  bar  and  hence  that  zone-refining  is  occurring 
during  growth.  However,  as  is  indicated  in  the  figure,  the  residual  resistivity 
ratio  goes  through  a  maximum  while  the  proportional  limit  increases  as  the  distance 
from  the  start  of  the  zone-refining  pass  increases  as  expected  for  impurities  in  W. 
The  residual  resistivity  was  measured  by  the  eddy  current  technique  of  Bean, 
DeBlois,  and  Nesbitt(lO)  and  the  measurement  was  made  of  DeBlois.  It  is  tempting; 
to  explain  the  discrepancy  between  strength  and  resisitvity  on  the  basis  of  end 
effects  encountered  in  the  resistivity  measurement  and  this  may  be  the  correct 
explanation.  However,  in  subsequent  experiments  of  a  similar  nature,  described 
below,  it  was  not  possible  to  make  a  correlation  between  residual  resistivity  and 
strength,  which  suggests  that  the  resistivity  at  low  temperatures  may  be  influenced 
differently  ^  impurities  than  the  mechanical  strength  is  influenced.  As  has  been 
pointed  outw  the  resistivity  is  most  sensitive  to  impurities  and  vacancies  which 
are  in  solid  solution  and  not  sensitive  to  precipitate  particles,  while  the  mechanical 
properties  are  sensitive  to  both.  The  cooling  rate  of  a  zone-refined  bar  is  more 
rapid  at  the  start  of  a  zone-refining  pass  than  at  any  other  time  because  only  a 
limited  length  of  the  crystal  has  been  heated  and  hence  the  bulk  of  the  mass  can  act 
as  a  heat  sink.  Admitting  that  cooling  rate  will  influence  the  state  of  solution  of 
impurities  and  the  vacancy  concentration  of  the  solid,  it  is  reasonable  to  expect 
that  a  variation  in  resistivity  could  occur  along  a  zone-refined  bar  simply  due  to 
differences  in  cooling  rate.  Hence  the  shape  of  the  residual  resistivity  distance 
profile  measured  can  be  rationalized.  Normally,  one  would  expect  that  the 
mechanical  properties  would  be  similarly  influenced  but,  as  is  apparent,  the 
strength  increases  monotonically  from  the  start  of  the  zone-refining  pass.  In  any 
event  there  is  a  good  correlation  of  mechanical  strength  aind  resistivity  at  points 
in  the  crystal  beyond  the  resistivity  maximum,  and  this  encouraged  subsequent 
experiments. 

Table  III  is  a  compilation  of  tensile  strength  data  and  the  residual 
resistivity  ratio  for  several  crystals.  Inspection  of  the  data  reveals  that  although 
there  is  a  good  correlation  between  strength  and  resistivity  for  a  given  crystal  the 
strength  of  any  randomly  selected  crystal  cannot  be  predicted  from  the  residual 
resistivity  ratio.  Therefore,  further  attempts  to  use  resistivity  as  a  means  of 
predicting  strength  were  abandoned  and  subsequent  mechanical  properties  were 
determined  on  two-pass  crystals  unless  otherwise  noted. 
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TABLE  m 


Correlation  of  Residual  Resistivity  Ratio  and  Tensile  Strength 


Crystal 

Residual  Resistivity 
Ratio 

(P298“k/P4.2‘’k) 

WB-1 

3,000 

WC-2 

1,  200 

WC-3 

950 

188-1 

2,  700 

189-2 

1,500 

WB-2 

3,000 

WB-3 

2,  100 

WC-1 

1,  200 

188-2 

2, 900 

189-1 

1,  300 

203-1 

7,  100 

209-1 

10, 000-7, 400 

TP.  L.  on 

(110)  <Tll> 

Slip  Plane 
(psi) 

Temp  of 
Tensile  Test 
C*K) 

12, 800 

298 

10, 900 

298 

12, 400 

298 

11,500 

298 

12, 500 

298 

46,  100 

78 

51,  200 

78 

42,  600 

78 

57, 000 

78 

70, 000 

78 

60, 000 

78 

65, 000 

78 

The  resistivity  data  did  prove  useful  in  demonstrating  that  although  zone¬ 
refining  is  a  mechanism  for  the  purification  of  tungsten  it  is  not  as  important  as 
the  melting  process  itself.  As  Fig.  10  illustrates,  there  is  a  factor  of  two  difference 
in  resistivity,  and  presumably  purity,  along  the  length  of  a  zone-refining  bar,  but 
comparison  of  the  resistivity  ratio  of  5000  with  the  resistivity  ratio  of  the  starting 
material  of  80  indicates  ttiat  the  primary  means  of  purification  is  loss  of  impurities 
through  volatilization,  sacrificial  volatilization,  or  chemical  reaction  and  subse¬ 
quent  volatilization.  All  three  of  these  mechanisms  have  been  discussed  by  this 
author(®)  and  in  a  review  article  written  by  Smith.  (H)  There  is  no  benefit  in 
belaboring  these  points  here,  but  only  to  emphasize  that  apparently  the  primary 
benefit  of  the  electron  beam  floating  zone  melting  process  is  the  purification  which 
is  the  result  of  the  high  temperature  and  relatively  clean  atmospheres  present 
during  growth. 
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Preparation  of  Tensile  and  Bend  Specimens 
from  Tungsten  Crystals _ 

The  preparation  of  samples  from  the  1/8-inch-diameter  single  crystals  of 
tungsten  is  described  in  this  section.  As  will  be  indicated  in  a  later  discussion,  the 
method  of  preparation  and  testing  is  an  important  variable  in  any  single-crystal 
experiments  with  tungsten.  The  underlying  aim  in  all  sample  preparation,  whether 
for  tensile  or  bend  specimens,  was  to  produce  a  strain  free  sample  and,  hence,  the 
final  step  in  all  processes  was  electropolishing. 

Tensile  Specimens 

Tensile  specimens  were  produced  from  the  l/8-inch-diameter  zone- 
refined  crystals  in  the  following  manner.  Straight  sections  of  crystal  1  3/4  inches 
long,  were  centerless  ground  to  0. 100  ±  0.001  inch.  Since  early  workhad  indicated 
that  such  treatment  introduced  plastic  deformation  to  a  depth  of  about  0. 004  inch, 
tensile  specimens  were  produced  from  these  rods  by  electromachining.  The 
technique  has  been  described  by  Avery  et  al. ,  (^2)  and  the  equipment  used  is  illus¬ 
trated  schematically  in  Fig.  11.  The  sample,  held  between  two  Jacobs  chucks,  was 
rotated  in  the  opposite  sense  as  the  "cutting  wheel"  and  at  a  tangential  velocity  of 
about  1/10  that  of  the  stainless  steel  wheel.  This  insured  an  excess  supply  of  the 
10  per  cent  NaOH electrolyte  to  the  specimen.  Electrical  contact  was  made  to  the 
specimen  by  silverplated  copper  braid  which  rested  gently  on  the  top  of  the  specimen. 
This  method  of  contact  is  essential  if  a  uniform  gage  length  is  desired.  A  d-c 
potentisd  of  20v  was  maintained  between  the  specimen  and  the  polishing  wheel  which 
was  the  cathode.  The  distance  between  the  surface  of  the  wheel  and  the  specimen 
was  adjusted  to  maintain  a  current  of  2  amps.  The  polishing  wheel  was  shaped  so 
that  a  tensile  specimen  with  the  shape  shown  in  Fig.  12  was  produced.  A  20-minuto 
polishing  time  removed  0.020  inch  from  the  radius  of  the  specimen  and  insured 
removal  of  the  damage  produced  by  centerless  grinding. 

This  procedure  produces  specimens  of  different  gage  diameter,  but  which 
are  uniform  to  ±  0.001  inch  over  a  length  of  about  0.400  inch.  Unless  noted  all 
tensile  specimens  were  produced  by  this  technique. 

Bend  Specimens 

For  simple  bend  tests  specimens  with  a  rectangular  cross  section  of 
0.080  X  0.060  inch  were  made  from  the  1/8-inch-diameter  crystals  by  surface 
grinding,  electropolishing,  and  annealing  at  about  2500°C.  Specimens  were  held 
for  grinding  by  attaching  them,  in  the  desired  orientation  to  a  steel  block  using 
De  Khotinsky's  cement.  The  block  had  a  0.  100-inch-wide  groove  cut  to  about 
0.040  inch  to  accommodate  the  specimen.  Considerable  care  was  used  in  grinding. 

A  self-cleaning  wheel  and  very  light  cuts  (less  than  0. 0005  inch)  were  used  to 
minimize  the  amount  of  surface  damage.  After  grinding  the  specimen,  now  in  the 
form  of  a  rectangular  bar  about  2  inches  long,  was  eloctropolished  in  2  per  cent 
NaOH  using  12v  and  a  stainless  steel  cathode.  About  two  mils  was  taken  from  every 
surface  in  this  way  so  Lhe  subsequent  annealing  would  not  result  in  a  recrystallized 
specimen. 
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The  annealing  treatments  were  carried  out  in  an  electron  beam  furnace 
whose  general  features  are  Illustrated  schematically  in  Fig.  13.  In  this  fiirnace, 
which  was  attached  to  a  standard  mercury  pump  vacuum  system,  specimens  were 
annealed  for  about  32  hours  in  four  8-hour  periods.  After  the  final  anneal  the 
crystal  was  cooled  to  room  temperature  in  15  minutes.  This  final  cool¬ 
ing  rate  is  similar  to  that  which  the  crystals  receive  during  growth.  A  vacuum  of 
10"*  mm  of  Hg  was  maintained  throughout  the  anneal.  The  temperature  was 
measured  with  an  optical  pyrometer  and  roughly  calibrated  by  assuming  that  the 
emitting  filament  was  at  2100“K.  The  effect  of  this  annealing  treatment  on  the 
perfection  of  the  crystals  is  illustrated  in  Fig.  14.  The  etchant  used  to  reveal 
dislocations  has  been  described  by  Wolff.  (2)  The  primary  purpose  of  this  treat¬ 
ment  was  to  produce  specimens  for  dislocation  velocity  measurements,  and  hence 
the  aim  was  to  produce  samples  with  a  low  dislocation  density.  In  part  the 
treatmentwasvery  successful  in  that  the  dislocation  density  exclusive  of  sub¬ 
boundaries  could  be  reduced  consistently  to  about  10*  dislocation  lines/cm*. 
However,  about  20  per  cent  of  the  specimen  had  subgrains  less  than  0. 1  mm  in 
diameter  and  these  could  not  be  used  successfully  for  velocity  measurements. 

As  the  section  on  the  "Dislocation  Velocities"  indicates,  enough  specimens  were 
made  to  permit  the  measurements,  but  the  cost  was  very  high. 
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I" TUNGSTEN  ROD 


MOLTEN  ZONE 

HOT  FILAMENT 

DEFLECTION  PLATES 
a  RADIATION  SHIELD 


Fig.  1  Schematic  diagram  of  electron  bombardment 
floating  zone-refining  equipment. 


Fig.  2  Cathode  designs:  (a)  0.010-inch-diameter  W  wire  spot  welded  to  Ni  lugs; 
(b)  2  mm  x  0.001  inch  W  tape;  (c)  O.OiS-inch-diameter  W  wire  slipped  into  a 
0.018-inch-diameter  hole  in  a  0.  100-inch-diameter  Mo  cylinder;  (a)  and  (b) 
after  Calverly.  (1) 
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Fig.  3  Detail?  of  focusing  shields  and 
cathode  arrangement  used  for  1/8-inch- 
diameter  rods. 


Fig.  4  Simple  goniometer 
arrangement  used  to  hold  seed 
crystals  when  growing  a  crys¬ 
tal  of  a  specific  orientation. 


Fig.  5  Block  digram  of  electrical  circuit  used  for  electron  bombardment  taken 
from  Calverly.  0-) 
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14 


6  Etetails  of  control  circuits  used  for  emission  limited  control  of  bombardment  current.  Designed 
and  built  by  F.  Dickey,  General  Electric  Research  Laboratory. 


Fig.  9  Surface  of  tungsten  single  crystal  grown  in 
a  vacuum  of  >10”*  mm  of  Hg.  Pattern  results 
from  formation  of  p-W,  WjO,  on  the  surface  of 
the  crystal.  500X 


Fig.  10  Strength  and  residual  resistivity  ratio  along  the  length 
of  a  two-pass  electron  beam  floating  zone-refined  tungsten 
crystal. 
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PIVOT  ARM  HOLDS  SPECIMEN 


Fig.  11  Electromachining  device  used  to  produce  tensile  specimens  from  1/8-inch- 
diameter  tungsten  crystals. 
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A  =  0.050"  TO  0.060"  DEPENDING  ON  SPECIMEN, 

BUT  UNIFORM  TO  tO.OOl"  OVER  0.400" 

Fig.  12  Nominal  dimension  of  tensile  specimens  produced  by 
elec  tromachining . 
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Fig.  13  Cross  section  of  electron  beam  annealing  furnace  used  for 
long-time  anneals  at  temperatures  in  excess  of  25(X}*'K. 
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III.  THE  CORRELATION  OF  ETCH  PITS 
AND  DISLOCATION  IN  TUNGSTEN 


Introduction 


Etch -pitting  reagents  which  reveal  the  sites  of  emergence  of  dislocations 
from  the  surface  of  a  crystal  have  recently  been  used  to  Study  the  effect  of  an 
applied  stress  of  the  behavior  of  individual  dislocations,  and  have  thereby 

contributed  greatly  to  the  understanding  of  the  role  which  dislocations  play  in 
determining  the  mechanical  properties  of  LiF,  silicon-iron,  and  Ge.  Before  the 
etch-pitting  reagent  reported  by  Wolfft^)  to  reveal  dislocation  in  tungsten  could  be 
used  for  similar  studies  described  subsequently  in  this  report,  conclusive  evidence 
that  the  pits  formed  by  this  reagent  are  associated  with  dislocations  had  to  be 
obtained. 


The  question  of  how  to  prove  experimentally  that  etch  pits  correspond  to 
dislocations  has  been  discussed  recently  in  great  detail  by  Johnston.  (^5)  The 
characteristics  of  a  dislocation  etchant  which  have  been  used  in  this  study  to 
establish  a  correlation  between  pits  and  dislocations  are  listed  below: 

1.  A  dislocation  etchant  should  reveal  the  qualitative  features  of  the 
substructure  of  the  crystal,  and  the  pit  density  should  not  be  a  sensitive 
function  of  etching  time. 

2.  A  dislocation  etchant  should  reveal  evidence  of  plastic  deformation, 
and  it  should  reveal  quantitatively  the  number  of  dislocations  in  a  bent  and 
annealed  crystal  which  Nye's'^®'  formula  predicts. 

As  Johnston  points  out,  it  is  difficult  to  prove  that  all  dislocations  or  only  dislo¬ 
cations  form  etch  pits  with  a  given  reagent,  but  experiments  performed  in  both  of 
the  above  categories  to  establish  that  the  Millner  and  Sass^^'^'  etching  reagent 
develops  pits  at  dislocations  on  the  surface  of  a  tungsten  crystal. 

Etch-Pitting  Reagent  and  Material 

The  etchant  for  tungsten  developed  by  Millner  and  Sass^^*^)  and  described 
more  fully  by  Wolff(^'  is  a  solution  composed  of  two  parts  by  volume  of  a  25  wt  per 
cent  solution  of  CUSO4  and  one  part  by  volume  of  reagent  grade  NH4OH.  Wolff 
recommends  use  of  the  etchant  immediately  after  mixing,  but  it  can  be  used  after 
several  hours  if  it  is  reheated  to  45 “C.  (This  temperature  is  the  same  as  that 
attained  due  to  the  heat  of  mixing  if  20  cc  of  the  CUSO4  solution  is  mixed  with  iO  cc 
of  NH4OH  in  a  50  cc  test  tube. )  Etching  is  accomplished  by  immersing  the  .speci¬ 
men  for  15  seconds  and  moving  it  gently  but  continuously.  After  etching,  the 
specimen  should  be  rinsed  in  flowing  water,  then  in  alcohol,  and  blown  dry. 

The  tungsten  single  crystals  used  for  this  study  were  prepared  as  de.scribed 
previously. 


Experimental  Results.  I 


The  MUlner  and  Sass  reagent  reveals  the  qualitative  features  of  the  sub¬ 
structure  of  a  tungsten  single  crystal  as  is  shown  by  the  two  photographs  in  Fig.  15. 
Figure  15(a)  is  a  light  micrograph  of  the  |112  i  surface  of  a  tungsten  single  crystal 
etched  for  15  seconds.  The  subgradn  boundaries  are  evident  and  there  are  individual 
pits  present  within  the  subgrains.  Figure  15(b)  is  an  x-ray  diffraction  micrograph 
of  the  same  area  taken  prior  to  etching  using  the  modified  Berg- Barrett  technique 
of  Newkirk.  Characteristic  radiation  from  a  Cu  target  was  used.  The  arrows 
indicate  the  same  triangular  subgrain  in  both  pictures.  Although  there  is  some 
foreshortening  of  the  x-ray  image,  the  sub-boundaries  evident  in  Fig.  16(a)  are 
reproduced  faithfully  in  Fig.  16(b).  Unfortunately  the  x-ray  technique,  as  used, 
does  not  have  sufficient  resolution  to  reveal  the  sites  of  individual  dislocations,  and 
hence  a  direct  correlation  of  etch  pits  with  dislocation  is  not  possible.  Nevertheless 
these  two  photographs  show  that  the  CUSO4-NH4OH  etchant  reveals  accurately  the 
subgrains  present  in  the  crystal. 

That  the  pit  density  is  not  a  sensitive  function  of  etching  time  is  illustrated 
in  Fig.  16.  Fig^ires  16(a)  and  (b),  the  same  area  on  a  ill2i  surface  after  electro¬ 
lytic  polishing  and  repeated  etchings  so  that  the  total  etching  times  are  30  and  45 
seconds,  respectively.  The  general  features  of  the  substructure  are  reproduced 
Independently  of  the  etching  time.  The  total  number  of  pits,  exclusive  of  sub¬ 
boundaries,  increases  6  per  cent  between  Figs.  16(a)  and  (b).  If  the  surface  of  a 
specimen  collects  dust  between  etches  in  a  double  etch  experiment,  the  pit  density 
may  incresise  very  markedly.  Apparently,  dust  particles  can  nucleate  pits.  For 
this  reason  the  specimen  should  be  etched  immediately  after  electropolishing  or 
carefully  cleaned  by  rinsing  in  flowing  water  or  alcohol  prior  to  etching. 

Figure  16  also  illustrates  the  fact  that  the  pits  increase  in  size  as  the 
etching  time  is  increased.  The  rate  of  growth  and  the  shape  of  the  pits  will  be 
discussed  in  a  later  section. 

One  very  satisfying  proof  of  the  correlation  between  etch  pits  and  dislo¬ 
cations  is  obtained  by  etching  the  matching  halves  of  a  cleaved  crystal.  Since 
cleavage  divides  the  crystal  into  two  parts,  any  dislocation  threading  through  the 
cleavage  pleme  should  te  revealed  as  pits,  after  etching,  on  both  faces  of  the  cleaved 
crystal.  Figures  17(a)  and  (b)  show  the  matching  halves  of  a  cleaved  crystal.  The 
photograph  in  Fig.  17(b)  has  been  reversed  in  printing.  The  surface  is  a  1 100 1 
plane,  the  cleavage  plane  for  tungsten.  Where  individual  pits  are  distinguishable  on 
these  photographs  there  is  a  one-to-one  correspondence  for  85  per  cent  of  the  pits. 
Where  individual  pits  are  not  distinguishable,  there  is  very  good  correspondence 
between  the  dark  areas.  This  indicates  that  the  reagent  is  attacking  deformed  areas, 
but  the  spacing  of  dislocations  in  these  areas  is  too  close  to  allow  resolution  of 
individual  pits.  As  Gilman  has  shown  in  LiF^^®^  when  cleavage  cracks  travel  at  less 
than  some  critical  velocity,  plastic  deformation  can  occur  ahead  of  the  crack.  Fig¬ 
ure  17(c)  shows  that  the  crack  must  have  gone  through  this  critical  velocity  several 
times  before  finally  slowing  down  enough  to  permit  a  large  amount  of  plastic  strain 
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ahead  of  the  crack  front.  The  direction  of  crack  propagation  is  indicated  by  the 
arrow.  The  fact  that  there  is  matching  of  the  pit  arrangement  on  the  two  fracture 
surfaces  is  good  evidence  that  this  reagent  reveals  dislocations. 

Experimental  Results.  II 

The  etchant  reveals  evidence  of  plastic  deformation.  Figure  18  shows  a 
jll21  surface  on  the  tension  side  of  a  specimen  deformed  in  bending  at  78*K.  The 
specimen  was  prepared  by  first  electropolishing  and  then  etching  to  reveal  the  dis¬ 
locations  present  in  the  crystal  (larger  pits).  After  scratching  with  a  diamond 
stylus  (the  scratch  is  the  horizontal  line)  the  sample  was  bent  to  a  maximum  plastic 
strain  at  the  surface  of  a  few  tenths  of  a  per  cent  and  then  re-etched.  The  smaller 
pits,  representing  dislocations  introduced  by  bending,  are  arranged  in  glide  bands. 
Note  that  apparently  dislocations  present  prior  to  scratching  also  moved  under  the 
applied  stress.  At  higher  strains  the  glide  bands  are  no  longer  distinguishable,  as 
will  be  evident  in  subsequent  photographs. 

A  quantitative  argument  for  the  correlation  between  etch  pits  and  dislo¬ 
cations  in  tungsten  is  illustrated  in  Figs.  19(a)  and  (b)  which  show  the  side,  19(a), 
and  top,  19(b),  surfaces  of  a  specimen  bent  at  room  temperature.  Because  of  some 
torsional  strain  imposed  during  bending,  the  slip  plane  operating  is  the  one 
indicated  in  Fig.  6  by  the  plane  AEFH.  The  Burgers  vector  is  neither  parallel  nor 
perpendicular  to  the  side  and  top  surfaces  of  the  crystal  and,  therefore,  slip  lines 
appear  on  both  surfaces.  The  etched  specimen  reveals  that  these  slip  lines  terminate 
in  a  row  of  pits  and  in  several  cases  the  slip  line  is  broken  by  a  group  of  pits. 
Knowledge  of  the  step  hei^t  and  the  orientation  of  the  Burgers  vector  permits  a 
calculation  of  the  number  of  dislocations  required  to  form  the  slip  step,  and  this 
can  be  correlated  with  the  number  of  pits.  An  interference  micrograph  taken  from 
the  area  outlined  in  Fig.  19(a)  shows  that  the  difference  in  step  height  between  the 
slip  line  at  the  points  marked  A  and  B  in  Fig.  19(a)  is  given  as: 

(215A  +  50 A)  -  (150A  +  40 A)  or  65A.  This  corresponds  to  56  dislocations  and  an 
electron  micrograph  of  the  group  of  pits  marked  C  in  Fig.  19(a)  shows  about  45  pits. 
Considering  the  inaccuracy  of  the  determination,  the  agreement  is  good.  However, 
independent  of  the  quantitative  aspects  of  this  observation,  the  fact  that  the  slip  lines 
in  Figs.  19(a)  and  (b)  terminate  in  pits  is  qualitative  evidence  that  the  pits  represent 
dislocations. 

One  additional  quantitative  test  was  employed  to  correlate  etch  pits  with 
dislocations.  Nye(l®)  has  calculated  that  for  the  special  case  of  uniform  plsine 
bending,  the  equilibrium  number  of  dislocations  of  one  sign  which  must  be  present 
in  a  bent  crystal  is:  ^ 

N  - - 

pb  cos  Xo 

where  N  is  the  dislocation  density  measured  on  a  surface  which  is  perpendicular  to 
the  axis  of  bending,  P  is  the  radius  of  curvature,  and  X  o  is  the  angle  between  the 
Burgers  vector,  b,  and  the  neutral  plane.  The  crystal  must  deform  by  .slip  nn  one 
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slip  system  only  for  this  equation  to  apply.  If  a  single  crystal  of  the  orientation 
shown  in  Fig.  20  is  bent  about  the  [112]  axis,  the  shear  stress  is  a  maximum  on  the 
(llO)  [111]  slip  system  and  Xo  this  S3rstem  is  45**.  Dislocations  emerging  per¬ 
pendicular  to  the  (112)  surface  are  edge  dislocations.  A  single  crystal  of  this 
orientation,  having  an  initial  dislocation  density  of  5  x  lO’’  dislocation  lines  per  cm^ 
on  the  (112)  surface,  was  bent  at  to  a  radius  of  13  +  1  centimeters.  Etching 
showed  that  a  single  slip  system,  the  (llO)  [111],  was  operative  and  that  the  average 
dislocation  density  was  7. 5  x  10®  dislocation  lines  per  square  centimeter.  The 
density  in  the  region  of  maximum  strain  was  1. 5  x  10^  dislocations  per  square 
centimeter  and  at  the  neutral  axis  was  zero.  Figure  21  shows  a  re^on  of  inter¬ 
mediate  density,  and  Fig.  22  shows  the  region  near  the  neutral  axis.  Nye's  formula 
predicts  a  density  of  4  x  10*  dislocations/cm^  in  the  fully  annealed  sample.  After 
annealing  for  4  hours  at  1600‘*C  in  hydrogen  the  dislocation  density  was  uniform 
across  the  crystal  and  had  dropped  to  3. 7  x  10®  dislocations/cm^ .  Subsequent 
annealing  at  2400‘*C  in  vacuum  produced  no  further  change.  Figure  23  shows  the 
sample  after  annealing  at  2400 **0.  Note  the  absence  of  any  arrangement  of  dislo¬ 
cations  into  long-range  polygon  walls. 

The  theoretical  density  of  4. 0  x  10®  dislocations/cm^  and  the  experimental 
density  of  3. 7  x  10®  dislocations/cm^  for  this  bend  specimen  are  in  agreement  within 
experimental  error,  and  this  agreement  is  good  evidence  that  the  etch  pits  correspond 
to  the  sites  of  emergence  of  dislocations. 

Experimental  Results;  Pit  Characteristics 

The  crystallography  of  the  pits  formed  with  the  Millner  and  Sass  reagent 
and  the  kinetics  of  their  formation  require  sorne  comment  because  they  are  distinc¬ 
tively  different  from  the  pits  formed  in  LiF^^®'  and  Cu.  Figure  24  shows  the 

type  of  pit  formed  on  1 100 1  surfaces  and  Fig.  25  shows  the  pits  formed  on  |112i 
surfaces.  These  pits  are  formed  by  the  preferential  formation  of  crystallographically 
identical  surfaces.  The  pits  formed  on  1 100  I  surfaces  are  in  the  form  of  an  inverted 
truncated  right  pyramid.  The  bottom  of  the  pit  is  microscopically  very  rough,  but 
macroscopically  parallel  to  the  1 100 1  plane  which  is  parallel  to  the  surface.  The 
sloping  sides  of  the  pit  are  roughly  parallel  to  1 110 1  planes.  The  pits  formed  on 
11121  surfaces  are  crjrstallographically  equivalent  except  that  the  truncated  pyramid 
is  inclined  at  55**  to  the  1 112  I  surface.  The  form  of  these  pits  can  be  rationalized 
assuming  that  there  is  strong  preference  for  solution  of  surfaces  other  than  those 
bounded  by  |110|  and  jlOOl  planes. 

It  is  obvious  from  Fig.  16  that  the  pits  increase  in  size  with  increased 
etching  time.  The  change  of  any  linear  dimensions  of  the  pit  is  roughly  proportional 
to  the  square  root  of  time.  For  LiF'^®)  and  Cu(22)  the  pit  size  is  a  linear  function 
of  etching  time. 

Discussion 


The  experimental  results  described  above  indicate  that  tlie  CuS04-NH4Gil 
reagent  of  Millner  and  Sass  reveals  dislocations  which  emerge  from  11121  and  1 100! 
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surfaces  of  tungsten  cryT-^als.  They  also  reveal  several  interesting  facts  about 
dislocation  motion  in  tungsten  and  show  that  intentional  decoration  of  the  dislo¬ 
cations  by  an  impurity  is  not  necessary.  Consider  the  specimen  shown  in  Fig.  22. 
The  specimen  was  etched  prior  to  bending  and  again  within  15  seconds  after  defor¬ 
mation.  The  larger  pits  represent  dislocations  present  prior  to  deformation,  and 
the  smaller  pits  represent  dislocations  resulting  from  plastic  deformation.  This 
result  indicates  that  no  intentional  aging  of  the  crystal  is  necessary  as  Wolff 
suggested  might  be  the  case.  This  is  particularly  surprising  inihe  case  of  tungsten 
since  the  range  of  crystal  orientations  which  respond  to  etching'^^  is  much  broader 
than  is  to  be  expected  of  undecorated  dislocations  if  the  experience  gained  from 
etch-pitting  reagents  for  and  Cut21>22)  generalized. 

Figure  22  illustrates  another  point  which  is  really  secondary  to  etch 
pitting  but  is  important  in  the  understanding  of  dislocation  interactions.  Note  the 
alignment  of  pits  near  the  neutral  axis  into  rows  perpendicular  to  the  glide  plane. 
The  trace  of  the  glide  plane  is  par^lel  to  the  line  marked  S .  Glide  polygonization 
is  the  name  given  by  Livingston^^^^  to  describe  this  alignment  of  dislocations  into 
polygon  walls  as  the  result  of  plastic  deformation  and  is  distinguished  from  ordinary 
polygonization  in  that  no  thermal  treatment  is  involved. 

Another  interesting  feature  of  the  deformation  behavior  of  tungsten  as 
revealed  by  the  etch  pitting  technique  is  illustrated  by  Fig.  19(a).  Consider  the 
slip  line  marked  A-B.  The  slip  step  is  laterally  displaced  at  the  point  where  the 
row  of  pits  marked  C  is  evident  and  the  offset  slip  steps  are  connected  by  the  row 
of  pits.  The  offset  is  characteristic  of  cross  slip,  and  there  are  several  additional 
examples  of  cross  slip  in  Fig.  19.  Just  why  the  dislocations  are  held  up  in  the 
region  at  C  is  not  understood. 

Also  apparent  from  Fig.  19  is  the  fact  that  slip  steps  do  not  act  an 
preferred  sites  for  the  nucleation  of  pits  as  is  the  case  for  some  reagents  used  on 
Al.  In  addition,  it  is  clear  that  under  some  conditions  dislocations  can  move 
long  distances  in  tungsten  without  multiplying. 

One  final  comment  concerning  the  response  of  dislocations  with  various 
Burgers  vectors  to  etching  is  necessary.  These  experiments  have  shown  Uiat 
dislocations  with  strong  edge  character  and  mixed  dislocations  having  both  edge 
and  screw  components  can  be  etched  with  the  Millner  and  Sass  reagent.  As  Fig. 

20  illustrates  for  specimens  of  the  orientation  indicated,  dislocations  on  the  (110) 
[ill]  slip  system  have  a  Burgers  vector  which  is  parallel  to  the  (112)  plane,  and 
such  dislocations  emerging  from  the  (112)  surface  have  strong  edge  character. 
Figures  21  and  22  show  that  these  dislocations  respond  to  etching.  Becau.se  all 
crystallographic  surfaces  don't  respond  to  the  Millner  and  Sass  reagent  (see  P^'f. 

2)  it  is  not  possible  to  etch  pit  dislocations  of  strong  screw  character.  However, 
the  dislocations  emerging  from  the  top  and  side  surfaces  of  the  crystal  ."-hown 
Fig.  19  are  revealed  by  this  reagent;  and  as  Fig.  20  shows,  these  dish -cations  ar(! 
of  mixed  character.  Thus  the  CUSC4-NH4CH  reagent  attacks  bc-Ui  dislocat:ori:-  with 
strong  edge  character  and  mixed  dislocations  with  both  edge  and  screw  con'.f)--no*nt;:. 


Conclusions 


In  summary,  the  CUSO4-NH4OH  reagent  described  by  Millner  and  Sass 
does  reveal  the  sites  of  emergence  of  dislocations  from  single  crystals  of  tungsten 
of  suitable  orientation.  Dislocations  with  edge  character  and  mixed  dislocations 
with  edge  and  screw  character  are  attacked.  Further,  dislocation  etch  pits  are 
produced  without  any  deliberate  aging  of  the  crystal. 
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Fig.  17  Etched  cleavage  surface  of  a  tungsten  crystal:  (a)  and  (b)  are 
matched  faces  at  lOOOX.  The  photograph  in  (b)  has  been  reversed  in 
printing;  (c)  same  area  at  250X.  Note  that  the  lateral  spreading  of  the 
crack  occurred  at  a  velocity  low  enough  that  considerable  plastic 
deformation  took  place. 
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Fig.  17  (continued) 


(c) 


Fig.  18  11121  Surface  of 
specimen  deformed  at 
78"K.  250X 


Fig.  19  (a)  Side  and  (b)  top  siirfaces  of  a  cr3rstal  deformed  at  room  temperature  in  bending: 
(a)  500X;  (b)  250X. 
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Fig.  20  Schematic  representation  of  crystal  orientations  used  for 
specimens  shown  in  Figs.  19  and  21. 


Fig.  21  Etch  pits  near  region  of  maximum 
strain  on  the  (112)  surface  of  crystal  bent 
about  [112]  axis.  500X 
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Fig.  22  Etch  pits  near  neutral  axis  on  the  (112)  surface  of  crystal  bent  about  [112] 
axis— 500X.  Note  the  glide  polygonization  evident  perpenducular  to  the  glide 
bands  marked  S. 


Fig.  23  Photograph  of  (112)  surface  of 
crystal  bent  about  [112]  axis  after  anneal¬ 
ing  at  2400“ C  in  vacuum  for  4  hours. 

250X 
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24  Electron  microscope  picture  of  pits  formed  1 100 1  surf^e  Fig.  25  Electron  microscope 
of  tungsten  crystal.  10,  OOOX  picture  of  pits  formed  on  Ill2| 

surface  of  tungsten  crystal. 

12,400X 


IV.  DEFORMATION  BEHAVIOR 
OF  ZONE -MELTED  TUNGSTEN  SINGLE  CRYSTALS 


Introduction 


Current  models  for  the  initiation  of  brittle  fracture  in  crysteUine  materials 
are  based  on  a  knowledge  of  the  details  of  their  plastic  (teformation.  (24)  Body- 
centered  cubic  tungsten  exhibits  brittle  failure  at  temperatures  below  ^out  500*K» 
yet  the  modes  and  crystallographv  of  its  plastic  deformation  have  not  been  studied 
below  1000*^.  In  1924,  Goucherv25)  reported  that  tungsten  single  crystals  with  a 
;Otal  impurity  content  of  less  than  0. 01  wt  per  cent  deformed  by  slip  on  the  (112) 

’ll!  ]  system  in  the  temperature  range  1000"  to  3000*K.  He  also  observed  (001) 
OlO]  slip  in  one  crystal  which  was  constrained  by  the  presence  of  a  large  fissure. 
According  to  Barrett,  (26)  tungsten  ailso  deforms  by  twinning  on  tte  (112)  plane  in 
the  [llf]  direction,  but  he  gives  no  details  on  the  tendency  for  twin  formation  or 
the  temperature  range  in  which  twinning  occurs.  Therefore,  as  a  necessary  part 
of  a  study  of  the  factors  influencing  the  brittle  fracture  of  tun^ten,  the  modes  and 
crystallography  of  the  plastic  deformation  were  determined  at  298",  77",  and  20"K. 

Test  Specimens  and  Testing  Procedure 

The  range  of  crystal  orientation  used  in  this  study  is  indicated  in  Fig.  26. 
The  point  on  the  unit  stereographic  triangle  identified  by  the  crystal  number 
represents  the  crystal  axis  and  the  direction  of  the  applied  tensile  stress.  A  typical 
tensile  specimen,  described  previously,  is  shown  in  Fig.  27(a).  The  tensile  tests 
were  performed  on  a  standard  Instron  machine  at  a  strain  rate  of  2  per  cent  per 
minute  using  standard  wire  grips,  and  the  bend  specimens  were  deformed  either  in 
four-point  or  cantilever  loading  to  a  maximum  strain  of  2  per  cent. 

Determination  of  the  Slip  and  Twinning  Elements 

The  crystallography  of  the  slip  and  twinning  planes  which  were  evident 
after  plastic  deformation  was  determir^d  from  the  orientation  of  traces  of  the  planes 
on  the  crystal  surface  by  a  technique  described  by  Barrett,  (26)  and  iLustrated 
schematically  in  Fig.  28.  The  orientation  of  the  crystal  was  determined  with 
respect  to  the  crystal  axis  and  a  scratch  placed  just  outside  of  the  gage  section  by 
the  Laue  back  reflection  x-ray  technique.  The  angles  a  and  ^for  a  single  trace 
were  measured  as  the  crystal  was  rotated  through  the  angle  over  which  the  trace 
was  visible.  The  experimental  points  were  plotted  on  a  stereographic  projection  of 
the  crystal  orientation,  and  the  great  circle  passing  through  these  points  represents 
the  trace  of  the  observed  plane. 

The  slip  direction  was  determined  by  measuring  the  angular  rotation  of  the 
crystal  lattice,  caused  by  tensile  deformation,  with  respect  to  the  specimen  axis. 

In  tensile  deformation  of  a  single  crystal  the  specimen  axis  will  move  toward  the 
slip  direction  as  deformation  proceeds.  (27) 
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Results 


A  typical  example  of  the  surface  offset  produced  by  slip  and  twinning  is 
shown  in  Fig.  29.  Figure  29(a)  shows  slip  lines  on  crystal  159  which  was  deformed 
at  298*’K.  Figure  29(b)  is  a  photograph  of  crystal  171  after  2  per  cent  deformation 
at  77 ®K  and  shows  both  slip  lines,  marked^,  and  twins,  marted  T.  Electron 
microscope  pictures  of  the  slip  lines  formed  at  77*K  are  included  in  Figs.  29(c)  and 
(d).  The  apparent  curvature  of  the  twins  is  due  to  the  curvature  of  the  crystal  surface. 
Although  the  optically  visible  twins  extend  over  a  large  portion  of  the  crystal  cross 
section,  they  are  very  thin  and  therefore  account  for  very  small  strains.  The 
existence  of  twins  was  established  by  the  standard  polishing  and  etching  procedure 
using  2  per  cent  NaOH  solution  for  electropolishing  and  a  1:1  solution  of  HNOa  and 
HF  for  etching.  Figures  30(a)  and  (b)  illustrate  this  procedure.  Both  slip  lines  and 
twins  are  evident  before  polishing  and  etching  [30(a)],  but  only  twins  are  apparent 
after  polishing  and  etching  [30(b) J.  The  electron  micrographs  in  Fig.  29(c)  and  (d) 
illustrate  the  straight  nature  of  the  slip  lines  formed  but  also  show  that  the  individual 
slip  steps  are  relatively  short  (5|i  to  lOu). 

The  formation  of  twins  was  not  apparent  from  the  Instron  load -deflection 
curve.  The  crystals  deformed  at  298°  and  77°  or  20°K  showed  the  same  general 
features,  namely,  a  high  rate  of  work  hardening  with  no  evidence  of  a  yield  point  or 
the  discontinuities  which  are  usually  associated  with  twinning.  Apparently  the  tensile 
machine  was  too  soft  to  detect  very  fine  twins. 

The  results  of  observations  of  46  slip  and  twinning  plane  traces  on  20  crystals 
deformed  at  298°,  77°,  and  28°K  are  present  in  Figs.  31  and  32  and  Table  IV.  The 
poles  of  the  slip  and  twinning  planes  observed  on  crystals  deformed  at  200°,  77°,  and 
20°K  are  plotted  in  Fig.  31.  Crystals  180-1  and  184-1  were  tested  at  20°K  and  the 
others  at  77°K.  These  poles  cluster  within  jk  5°  of  the  (011)  pole  and  (112)  pole, 
respectively,  indicating  that  at  200°,  77°,  and  20°K  the  active  slip  plane  is  of  the 
(011)  type  and  the  twinning  plane  is  of  the  (112)  type.  The  poles  of  ^e  traces  which 
were  shown  to  result  from  twinning  are  marked  with  a  T. 

Figure  32  gives  the  poles  of  the  observed  traces  for  crystals  deformed  at 
298 °K  and  one  crystal,  152,  deformed  at  725°K.  There  is  a  larger  spread  in  the  room 
temperature  data  than  in  the  low -temperature  data,  but  the  poles  of  the  observed 
deformation  planes  cluster  within  6°  of  either  the  (011)  pole  or  the  (112)  pole. 
Electrolytic  polishing  and  etching  of  these  samples  failed  to  reveal  the  presence  of 
deformation  twins;  and,  therefore,  the  deformation  on  both  the  (011)  and  the  (112) 
planes  is  presumed  to  be  slip. 

In  Table  IV  the  positions  of  the  poles  of  the  observed  slip  and  twin  plane 
traces  plotted  in  Figs.  31  and  32  for  both  the  low -temperature  and  room  temperature 
data  are  noted  as  latitude  and  longitude  deviations  from  the  (001)  pole  and  the  (001)- 
(011)  join,  respectively.  Also  included  in  Table  IV  are  the  length  of  arc  over  which 
the  trace  was  observable,  the  number  of  measurements,  and  the  standard  deviation 
of  the  experimental  points  from  the  nearest  (Oil)  or  (112)  pole  of  the  crystal.  The 
standard  deviation  was  determined  by  assuming  that  the  pole  of  the  trace  was  either 
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a  (Oil)  or  (112)  pole  of  the  crystal,  and  90"  was  taken  as  the  average  deviation  of 
the  pole  from  toe  trace  of  the  plane  it  represents  =  90").  The  standard  uf-viation 
includes,  therefore,  the  error  in  the  determination  of  the  crystal  orientation  ac,  wf  11 
as  the  error  in  the  measurements  of  a  and  p  (see  Fig.  28). 

To  emphasize  the  fact  that  slip  does  not  occur  on  (112)  type  pianos  at  77"K 
or  below,  two  specimens  were  made  from  each  of  three  crystals:  180,  184,  and 
154.  One  specimen  from  each  crystal  was  strained  at  298"K  and  the  other  at  77“ 
or  20"K.  Specimens  from  crystal  154  were  strained  in  bending,  and  specimens 
from  crystals  180  and  184  were  strained  in  tension.  All  thrf.*o  of  the  specimens 
strained  at  298"K  deformed  by  slip  on  pianos  of  the  typo  'Oil)  and  012).  The 
specimens,  180-1  and  184-1,  strained  at  20"K  deformed  by  slip  on  (Oil)  typf  olari' 
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or  twinning  on  (112)  type  planes  or  a  combination  of  both.  The  part  of  crystal  154 
strained  at  77*K  deformed  by  slip  on  (Oil)  type  planes  only. 

Observations  of  dislocation  etch  pits  on  bend  specimens  also  support  the 
conclusions  that  at  77**  and  20**K  tungsten  deforms  by  slip  on  the  (Oil)  t3rpe  planes 
and  twinning  on  the  (112)  type  planes;  and  that  at  room  temperature,  deformation  Is 
by  slip  on  both  the  (Oil)  and  (112)  type  planes  with  no  evidence  of  twinning.  Figure  33 
shows  dislocation  motion  off  a  scratch  which  was  purposely  put  Into  a  crystal  to 
nucleate  fresh  dislocations.  The  crystal  was  electrolytlcally  polished  and  etched  In 
Wolff's  reagent  to  reveal  grown-in  dislocations,  then  scratched  at  77**K  and  bent  at 
room  temperature  at  a  stress  below  the  yield  stress  so  that  gross  yielding  was 
avoided.  The  crystal  was  oriented  with  the  (112)  plane  In  the  surface  of  the  photo¬ 
graph  and  the  maximum  resolved  shear  stress  on  the  (Oil)  [ll'  ]  system.  Dis¬ 
location  motion  on  the  (Oil)  plane  Is  Indicated.  Although  there  Is  evidence  for 
seemingly  random  dislocation  motion  In  the  vicinity  of  the  scratch  there  Is  a  line 
array  of  dislocations  indicated  (112).  This  trace  corresponds  to  dislocation  motion 
on  a  system  of  the  (112)  [llf]  type  which  has  the  highest  resolved  shear  stress. 
Figure  34  shows  dislocation  etch  pits  In  a  crystal  which  was  bent  at  room  temperature 
and  the  two  traces  evident  are  traces  of  (Oil)  and  (112)  type  planes  as  Indicated.  In 
contrast  to  the  arrays  of  pits  which  are  Indicative  of  slip  deformation.  Fig.  35  shows 
etch  pits  which  are  associated  with  twins.  These  markings  on  a  crystal  which  was 
deformed  at  77*’K  and  failed  brlttlely,  are  presumed  to  be  twins  because  they  are 
evident  after  polishing  and  etching  In  HNO3  -HF  and  are  evident  as  pits  after  polishing 
and  etching  In  Wolff's  reagent.  They  lie  along  traces  of  (112)  type  planes.  The 
difference  in  the  spacing  of  these  pits  from  the  arrays  of  pits  revealed  along  slip 
traces  Is  evident. 

Figure  36  shows  the  shift  of  the  specimen  axis  which  occurred  as  the  result 
of  tensile  deformation  for  crystals  132,  135,  and  152.  As  slip  progresses  the 
specimen  axis  rotates  toward  a  [ill]  direction,  and  the  particular  direction  depends 
on  the  tensile  axis  of  the  crystal.  The  unit  triangle  In  Fig.  36  has  been  divided  Into 
three  regions  In  which  the  resolved  shear  stress  Is  largest  on  three  separate  slip 
systems.  In  determining  this  division  It  was  assumed  that:  (1)  only  systems  of  the 
type  (Oil)  [ill  ]  and  (112)  [ill]  were  operative,  and  (2)  that  Uie  critical  shear  stress 
on  both  (Oil)  and  (112)  type  planes  are  equal.  The  data  of  Calnan  and  Clews^^B)  was 
used  to  determine  the  boundaries  of  the  three  regions.  The  crystal  axes  of  crystals 
132,  135,  and  152  rotate  toward  the  [ill]  direction  predicted.  These  results  do  not 
imply  that  the  critical  shear  stress  on  planes  of  the  type  (Oil)  and  (112)  is  equal, 
but  ihey  do  indicate  that  the  slip  direction  Is  [ill]  as  Goucher  found  for  higher 
temperature  deformation. 

Observations  on  the  Fracture  of  Tungsten  Single  Crystals 

Figure  27  illustrates  the  relative  ductility  of  tungsten  single  crystals  at 
298°  and  77°K.  Figure  27(a)  shows  a  tensile  specimen  prior  to  testing.  Figures 
27(b)  and  (c)  show  specimens  deformed  at  298°K.  These  specimens  showed  15  per 
cent  elongation  prior  to  necking  and  90  to  100  per  cent  reduction  in  area.  At  room 
temperature,  failure  occurred  either  by  the  knife-edge  fracture  typical  of  soft  single 
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crystals  [27(b)]  or  by  cleavage  on  (001)  type  planes  just  outside  of  the  necked 
region  [27(c)].  The  cleavage  plane  has  been  reported  previously  by  Goucher.(25) 

At  77*  ar^i  20, *K  failure  occurs  by  cleavage  along  (001)  type  planes  with  little  or  no 
plastic  strain  [28(d)]  or  after  2  to  4  per  cent  elongation  by  slip  and  twinning  failure 
occurs  by  fracture  along  the  twin  interface  and  cleavage  on  (001)  type  planes. 

Typical  cleavage  failures  are  illustrated  in  Fig.  37.  Figure  37(a)  shows 
the  [lOO]  fracture  surface  of  a  crystal  which  failed  at  77*K.  Note  the  river  patterns 
evident  along  the  three  crystallographic  directions  indicated.  Figure  37(b)  shows 
the  same  area  after  etching  to  reveal  dislocations.  Note  that  pits  are  present  along 
the  traces  which  would  be  expected  to  result  from  slip  and  twinning,  but  that  no 
evidence  for  plastic  flow  along  [OOl]  traces  is  evident  as  would  be  ejqpected  from 
the  previous  results. 

The  role  of  twinning  in  the  fracture  process  is  Illustrated  in  Figs.  38  and 
39.  Figure  38  is  a  photograph  of  an  as-cleaved  crystal.  This  specimen  failed  in 
bending  after  about  5  per  cent  surface  strain.  It  was  deformed  very  rapidly  at 
room  temperature  by  bending  over  the  edge  of  a  table  to  demonstrate  its  ductility 
to  a  visitor.  The  specular  reflections  indicated  by  the  arrows  in  Fig.  38  were 
identified  as  (112)  type  planes  using  a  light  goniometer  and  are  twins.  As  is  evident 
from  this  result  and  attempts  to  draw  the  tungsten  single  crystals  at  room  temper¬ 
ature,  twinning  can  occur  in  tungsten  at  room  temperature  if  the  strain  rate  is  great 
enough.  Recently  there  have  been  reTOrts  of  twinning  in  tungsten  at  room  temper¬ 
ature  and  above  by  several  authors.  30, 31)  in  an  effort  to  prove  that  the  surface 
irregularities  illustrated  in  Fig.  38  were  really  twins  the  specimen  was  sectioned 
on  a  plane  perpendicular  to  the  trace  of  the  twixis  and  the  [OOl]  surface.  Upon 
polishing  and  etching  the  result  shown  in  Fig.  39  was  obtained.  The  twins  marked 
Ti  are  the  twins  revealed  as  specular  reflection  in  Fig.  39,  and  the  twin  marked 
Ti  is  probably  an  accommodation  twin  formed  to  relieve  the  stress  ahead  of  the 
crack  indicated  C.  Of  course,  it  is  also  possible  that  twin  Ta  nucleated  the  crack, 

C,  but  neither  conclusion  can  be  proven  definitely.  Similar  observations  have  been 
made  by  Sheely(30)  in  polycrystalline  tungsten  deformed  at  77 ®K. 

Another  example  of  twins  in  tungsten  is  shown  in  Fig.  40  which  was  taken 
on  the  same  specimen  as  that  illustrated  previously  in  Fig.  38.  Figure  40(a)  shows 
a  very  broad  twin  which  apparently  nucleated  along  the  straight  line  on  the  bottom 
of  the  picture  and  grew  upward.  Note  that  in  some  regions  the  twin  does  not  appear 
to  have  grown  and  along  the  original  twin  interface  holes  appear  in  these  regions. 

As  additional  proof  of  the  fact  that  these  are  really  holes,  examine  Fig.  40(b)  which 
is  an  electron  microscope  picture  of  the  region  indicated  with  the  arrow  in  Fig.  40(a). 
Note  the  long  shadows  produced  by  replicating  material  which  had  penetrated  the 
fissures  and  which  stand  up  on  the  replica.  The  exact  position  of  these  cracks  with 
respect  to  the  original  twin  is  difficult  to  determine,  but  they  apparently  occurred 
subsequent  to  the  initial  twin  formation,  but  prior  to  its  growth.  This  series  of 
photographs  illustrates  that  twins  and  cracks  are  sometimes  associated  and  it 
raises  but  leaves  unanswered  the  question  of  the  role  of  twinning  in  brittle  fracture 
in  tungsten. 
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Critical  Shear  Stress 


The  tensile  tests  performed  to  determine  the  deformation  modes  in  tun^ten 
were  conducted  so  that  the  stress^strain  curve  was  obtained  and  the  critical  shear 
stress  was  measured.  For  this  discussion  the  first  deviation  of  the  load -elongation 
curve  from  linearity  was  defined  as  the  proportional  limit,  and  the  values  obtairod 
are  presented  in  Table  IV.  Although  we  have  shown  that  at  room  temperature  both 
(110)  <  Ill>  type  and  (211)  <  |ll>  type  slip  systems  are  operative,  the  data  are 
given  as  resolved  shear  stress  on  the  (110)  \ll^  type  slip  system.  Assuming 
(211)  <Ill)>  type  slip  does  not  alter  the  average  values  of  critical  shear  stress. 

It  was  pointed  out  in  an  earlier  report  that  these  data  fit  the  temperature  dependence 
predicted  by  the  Fisher^^^)  modification  of  the  Cottrell-Bilbyi^B)  theory  of  yielding. 
Further  work  has  raised  some  question  about  this  result  which  will  be  discussed  in 
a  later  section  of  this  report. 

Recently,  Wolff^29)  and  Probst^^^^  have  observed  twinning  in  tungsten  at 
much  higher  temperatures  than  previously  reported.  The  evidence  reported  here 
that  hi^  strain  rates  px^ote  twix^ng  at  higher  tmiwratures  can  account  for  this 
difference.  As  Rose, Sheely,  and  Bechtoldv^®)  have  all  observed,  the  yield 
strength  of  tungsten  is  a  sensitive  function  of  strain  rate  at  high  strain  rates  (i.e. , 
greater  than  about  2. 5  x  10**/min).  Hence,  if  there  is  a  critical  resolved  shear 
stress  for  twinning  or  better  a  stress  where  twins  can  be  nucleated  if  the  dislocation 
density  is  low  (see  Sheely),  then  higher  strain  rates  will  promote  twinnii^  at  higher 
temperatures.  Of  course,  purity  will  influence  the  yield  strength  and  hence  also 
affect  the  temperature  range  in  which  twinning  is  observed.  Woltf  also  pointed  out 
that  the  frequency  of  twinning  along  a  fractured  tensile  bar  is  brightest  in  the  vicinity 
of  the  fracture.  Their  presence  near  the  fracture  is  evidence  that  the  two  processes 
are  related  but  is  not  a  priori  evidence  that  the  twins  nucleated  tira  fracture.  They 
could  be  found  subseqMUt  to  the  fracture  also.  Evidence  tlmt  both  situations  are 
possible  is  illustrated  by  the  picture  of  a  fracture  pol3wrystalliim  sample  shown  in 
Fig.  41.  Note  that  in  region  A  the  fracture  path  lies  along  twin  interfaces,  while 
In  region  B  one  surf^e,  to  the  left  of  the  crack,  shows  the  presence  of  twins  while  the 
region  to  the  right  shows  no  twin  indicating  that  the  twins  formed  subsequent  to  failure. 

Discussion 


The  poles  of  the  observed  slip  and  twin  plane  traces  presented  in  Figs.  31 
and  32  show  a  deviation  from  the  poles  of  the  low  index  (Oil)  and  (112)  planes.  The 
average  standard  deviation,  calculated  as  described  previously,  is  +  4.2"  and  the 
estimated  experimental  error  is  *  5"  consisting  of  +  2*  in  the  detemination  of  the 
crystal  orientation  aiul  ^  3"  in  th^ determination  of  Bie  angles  a  and  p  .  Since  the 
average  standard  deviation  is  less  than  the  estimated  experimental  error,  the 
deviation  of  the  experimentally  determined  poles  of  the  deformation  traces  from 
the  low  index  (Oil)  and  (Il2)  planes  can  be  attributed  to  experimental  error. 

The  crystallography  of  plastic  deformation  of  the  metal  single  crystals  was 
reviewed  by  Maddin  and  Chen^^S)  in  1954.  Body-centered  cubic  metals  have  been 
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reported  to  slip  on  three  differed  t3npes  of  planes  in  the  [ill]  zone:  (110),  (112), 
and  (123).  Andrade  and  ChoM^*^)  found  a  correlation  between  the  active  slip  plane 
and  tte  temperature  of  deformation  which  is  given  in  Table  V.  T  is  the  absolute 
temperature  of  deformation  and  is  the  ateolute  nielting  point.  This  correlation 
does  not  apply  in  the  case  of  4  per  cent  silicon-iron,  molybdenum,  niobium,  or 
tungsten.  Barrett,  Ansel,  and  Mehlt^^)  showed  that  4  per  cent  silicon-iron  deformed 
by  slip  on  (110)  tjn^ planes  only  at  temperatures  from  77*  to  973 *K.  For  niobiun*^' 
and  molybdenum,  Chen  and  Maddin  found  that  (Oil)  [ill  ]  type  slip  explained  all 
of  their  results. 


TABLE  V 

Andrade's  Correlation  of  Slip  Planes 
in  Body-centered  Cubic  lytetals  and  Temperature 


Metal  or 

T/™, 

sup 

Alloy 

^m 

Plant 

W,  Mo,  Na 

0.08-0.24 

112 

Mo,  Na,  B-Brass 

.26-  .50 

no 

Na,  K 

• 

00 

o 

123 

In  the  case  of  tungsten  this  investigation  shows  that  the  number  and  type  of 
operative  slip  planes  are  temperature  dependent,  but  the  behavior  is  not  vdiat  _ 
Andrade  and  Chow  would  predict.  Their  correlation  would  predict  slip  on  (112)  type 
planes  at  low  temperatures  aiui  (110)  slip  at  intermediate  temperatures.  The  present 
data  show  that  at  temperatures  below  77*K  (T/T|q  «  0.02)  slip  occurs  on  (Oil)  [llT] 
type  systems  only  while  at  298*K  (T/Tm  =  0.08)  the  (Oil)  [m]  and  (112)  [ill  ] 
type  systems  are  both  active.  Although  Frank  and  Nicholast^^^  have  predicted  that 
dislocations  with  a  Burgers  vector  are  stable  in  the  body-centered  cubic 
lattice  and  GoucherC^^)  has  reported  a  single  observation  of  (001)  [OlO]  slip, 

110..  evidence  of  (001)  [OlO]  type  slip  was  found  in  this  stu(fy.  As  Goimher  indicates, 
the  conditions  under  which  he  observed  slip  on  cube  planes  were  very  restrictive. 

Although  several  reference  works  give  the  twinning  plane  and  direction  for 
tungsten  as  (112)  [ill  ],  no  original  refereiKe  has  been  found.  The  present  work 
shows  that  twins  are  formed  in  tungsten  at  77*  and  20*K  on  (112)  type  planes,  but 
the  twinning  direction  was  not  established.  The  twins  which  form  as  a  result  of 
tensile  strain  at  Uwse  temperatures  are  few  in  number  and  are  very  thin  so  that 
the  volume  of  twinned  material  is  too  small  to  be  (tetected  with  back  reflection 
microbeam  x-ray  techniques.  At  strain  rates  of  2  per  cent  per  minute  no  twins 
were  found  to  result  from  tensile  deformation  of  tungsten  single  crystals  at  298*K. 
However,  twins  have  been  seen  in  crystals  which  were  deformed  at  298*K  at  a 
j^train  rate  in  excess  of  10  per  cent  per  minute. 
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Cotsclmlotm 


1.  At  296*K  and  a  strain  rate  of  2  per  cent  per  minute,  tungsten  single 
crystals  (Morm  by  a  slip  meebanism,  and  the  operative  slip  qrstems  are  of  the 
type  (Oil)  [ill  ]  and  (112)  [ill  ].  At  200*K  a  single  c^servation  indicates  (Oil) 
[111  ]  type  slip  only. 

2.  At  77*  and  20*K  tungsten,  single  cry^als  deform  by  slip  on  (Oil)  [ill  ] 
type  systems  and  by  twinning  on  (112)  type  i^ms. 

3.  At  77*K  tungsten,  single  crystals  fail  by  cleavage  along  (001)  planes  or 
by  a  combination  of  clea\mge  and  frsusture  along  twin  interfaces  after  2  to  4  per 
cent  plastic  deformation. 

4.  The  slip  plane  of  tungsten  does  not  change  with  temperature  as  the 
correlation  of  Andrade  and  Chow  would  predict. 
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Fig.  27  Tensile  specimens: 
(a)  undeformed;  (b)  and  (c) 
deformed  at  298°K;  (d) 
deformed  at  77 °K.  2X 
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Fig.  26  Orientations  of  tungsten 
single  crystals  used  for  deformation 
study.  The  point  represents  the 
crystal  axis. 
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Fig.  30  Slip  lines  and  twins  on  Fig.  31  Poles  of  slip  and  twinning  planes  for 

crystal  171;  (a)  after  2  per  cent  crystals  deformed  at  77°  and  20°K. 

tensile  strain;  (b)  after 

repolishing  and  etching.  250X  KEY 


Fig.  32  Poles  of  slip  planes  for  crystals 
deformed  at  298 °K. 
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Fig.  34  Dislocation  etch  pits  -ili^-ned  don;' 

(Oil)  and  (no;  type  planes  in  crystal  109.  l&GX 


(a)  (b)  (c) 

Fig.  35  Dislocation  etch  pits  aligned  along  (112) 
type  planes  on  crystal  deformed  at  77 “K  which 
are  characteristic  of  deformation  twins,  (a) 

500X;  (b)  250X;  (c)  500X.  Note  the  glide  bands 
evident  as  rows  of  etch  pits  at  about  90°  to  the  twins. 


Til 


001  on 


Fig.  36  Determination  of  slip  direction.  The  tail 
and  head  of  an  arrow  indicate  the  specimen  'ixio 
before  and  after  tenrdle  deformation. 


Fig.  37  Cleavage  failure  of  a  tungsten  cry;'tal  at  77°H:  ( 
as-cleaveJ,  fOX;  (b)  elchea,  .7CX.  The  tra;e:' iniicate J 
on  the  [OOl]  type  surface  are  ;  lentifie  i  u'  .  Lp  T.ll;  ana 
twinning  (Ilf)  plane:-.  The  T  l;  trace  -il.  inilcatet 
although  this  tr-i  'e  ccjli  rerrereni  iny  i  lano  in  the  t^l 


Fi;;.  C'S  [OOl]  Cleavat'je  failure  of  tunticten 
-ief-  rmou  rarialy  at  C98°K.  Specular 
refka'tiouc  indicatcJ  by  arrow  .are  from 
.■’irf  .  'e  t'.viua. 


bOX 


iditional  example::  of  twins  in  tungsten; 
::  't;  90CjX.  Cee  text  for  explanation. 


Fig.  41  Brittle  failure  in  a  polycrystalline  sample 
of  tungsten.  Note  that  the  photograph  shows  that 
twinning  can  occur  in  tungsten  both  prior  to  and 
subsequent  to  fracture.  250X 
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V.  THE  STRESS-STRAIN  BEHAVIOR  OF  TUNGSTEN  SINGLE  CRYSTALS 


Introduction 


The  preliminary  work  on  the  strength  of  electron  beam  zone-refined 
crystals  of  tungsten  carried  out  in  conjunction  with  the  study  of  the  modes  of 
deformation  of  these  crystals  had  indicated  that  the  teirmerature  dependence  of 
the  proportional  limit  could  be  described  by  the  Fisher'^^)  modification  of 
Cottrell's (2^)  model  of  yielding.  However,  there  was  considerable  scatter  in  the 
data  and  also  sometimes  the  crystals  exhibited  a  very  small  yield  drop  which 
couldn't  be  consistently  reproduced.  In  addition,  since  polycrystalline  tungsten 
was  reported  by  Bechtold(^2)  to  exhibit  a  similar  temperature  dependence  it  was 
felt  that  further  examination  of  single  crystals  to  low  temperatures  would  be 
beneficial. 

Further,  in  retesting  some  of  the  crystals  used  for  the  earlier  work 
there  were  indications  that  strain  aging  might  be  occurring  in  tungsten  at  room 
temperature.  It  was  felt  that  this  should  be  followed  up  since  Bechtold  and 
Shewmon(42)  previously  reported  strain  aging  in  tungsten  and  it  had  already 
been  found  that  an  aging  treatment  was  required  to  pin  "grown- in"  dislocations 
in  the  crystals  used  for  the  dislocation  velocity  measurements. 

Single  crystals  with  a  [001]  tensile  axis  were  selected  for  this  study 
since  it  was  felt  they  would  yield  the  required  information  and  at  the  same  time 
give  the  most  information  on  the  brittle  behavior  of  tungsten  single  crystals. 

The  latter  supposition  proved  to  be  incorrect  for  the  temperature  range  studied, 
but  nevertheless  useful  information  on  the  stress  strain  cvirve,  aging  effects  in 
tungsten,  and  the  work-hardening  rate  was  obtained. 

Experimental  Procedure 

Early  load-elongation  curves  on  tungsten  single  crystals  had  shown  that 
the  standard  Instron  testing  machine  was  too  soft  to  use  for  accurate  measures  of 
yield  strength  and  yield  point  phenomenon  in  tungsten  single  crystals.  On  the 
advice  of  W.G.  Johnston  of  our  Laboratory  and  with  the  able  assistance  of 
D.C.  Lord,  modification  of  the  loading  arrangement  on  the  Instron  machine  was 
undertaken.  The  primary  source  of  nonelastic  behavior  in  the  standard  loadinf^ 
string  on  the  Instron  macnine  is  the  bayonet  coupling  between  the  load  cell  and 
the  pull  rods.  This  joint  iind  all  others  in  the  loading  string  were  eliminated  by 
making  the  upper  specimen  grip  an  integral  part  of  the  load  cell.  The  pull  rod- 
grip  assembly  was  bolted  directly  to  the  load  cell  using  a  flange  and  six  holding 
screws  which  permitted  accurate  alignment  of  the  pull  rod-grip  assembly  and 
the  flat  surface  of  the  load  cell.  The  pull  rod-grip  assembly  was  perpendicular  to 
the  mating  surface  of  the  load  cell  to  within  ±0.001  inch  in  a  runout  of  30  inches. 
The  lower  grip  was  mounted  on  a  bridge  beneath  the  crosshead  of  the  machine  to 
permit  testing  at  various  temperatures  and  aligned  with  the  upper  grip  using  .shirm 
between  the  bridge  and  l.he  crosshead.  The  alignment  between  upper  and  lower 


grips  was  accomplished  with  the  aid  of  a  drill  sleeve  bearing  which  slid  over  the 
outside  of  both  grips  simultaneously.  Axiality  between  upper  and  lower  grips  was 
better  than  0.0005  inch  over  the  6-inch  length  of  the  drill  sleeve  bearing.  This  was 
checked  with  suitably  positioned  dial  gages.  As  the  sleeve  bearing  was  lowered 
from  the  upper  grip  down  onto  the  lower  grip,  the  dial  gages  indicated  the  shift  of 
the  grip.  The  sense  of  touch  of  the  oparator  was  actually  as  sensitive  as  the 
indicating  gages. 

The  grips  themselves  were  of  the  standart  split,  wire  type  designed  to 
accept  a  0. 100-inch  sample.  For  temperatures  above  and  below  room  temperature 
the  heads  and  he  Tng  screws  were  appropriately  stainless  steel  and  machine  steel. 
Thus  differential  thermal  expansion  aided  the  gripping.  At  room  temperature, 
extra  force  was  applied  to  the  holding  screws  and  if  slipping  was  detected  the  data 
obtained  fromthat  test  were  discarded. 

Experimental  Results  and  Discussion 

The  experimental  results  are  summarized  and  discussed  in  this  section 
in  three  parts:  the  temperature  dependence  of  the  strength,  aging  of  tungsten 
crystals,  and  strain  rate  sensitivity. 

Temperature  Dependence  of  the  Strength 

Figure  42  shows  a  typical  load-elongation  curve  for  an  as-grown  tungsten 
single  crystal  strained  at  298°K.  The  strain  rate  used  in  all  tests  described  in 
this  section  was  0. 002  in/min  in  an  0. 400-inch  gage  length  or  5  x  10"  Vmin 
(8  x  10"Vsec).  Several  features  of  this  curve  should  be  noted:  first  is  the 
absence  of  any  yielding  phenomenon  and  second  is  the  relatively  high  work¬ 
hardening  rate.  For  as-grown  crystals  this  curve  is  typical  for  all  crystals  tested 
from  20°  to  473°K.  In  contrast  is  the  curve  at  the  right  for  a  sample  cut  from  the 
mme  crystal  and  prepared  in  the  same  manner  except  for  an  aging  treatment.  The 
crystal  was  aged  for  1.  5  hours  at  600° C  and  subsequently  furnace  cooled  to  room 
temperature  over  an  8-hour  period.  The  aging  treatment  was  carried  out  in  an 
evacuated  quartz  capsule.  Evacuation  pressure  is  less  than  10"®  mm  of  Hg.  For 
this  specimen  note  the  presence  of  an  abrupt  load  drop  and  the  short  lower  yield 
point  extension.  For  most  specimens  aged  in  a  similar  fashion  and  also  at  1000°C 
the  region  of  lower  yield  point  extension  is  not  present.  The  abrupt  yield  drop  is 
a  consistent  feature  of  the  aged  crystals.  Note  also  that  the  work-hardening  rate 
of  the  aged  crystal  is  slightly  greater  than  the  as-grown  crystal.  Figure  43  shows 
that  the  same  sharp  load  drop  occurs  for  an  aged  crystal  tested  at  77°K  and  similar 
results  were  obtained  up  to  the  highest  test  temperature  used,  473°K. 

Table  VI  summarizes  the  yield  strength  and  work-hardening  characteristic 
of  as-grown  and  aged  [001]  axis  single  crystals  as  a  function  of  test  temperature. 
Also  included  are  some  crystals  of  random  orientation  to  illustrate  that  this  yield 
point  phenomenon  is  not  peculiar  to  [001]  axis  crystals.  Figure  44  shows  the  tem¬ 
perature  dependence  of  the  upper  and  lower  ;,deld  points  for  aged  [001]  axis  crystals 


TABLE  VI 


Summary  of  Yield  Strength  and  Work-Hardening  Coefficient 
_ for  [00 11  Tungsten  Single  Crystals _ 


A.  As-grown  Crystals 


Crystal 

No. 

Test 

Temp 

(“K), 

T  p  L  * 

(10^  psi) 

n  =  lliii  ( |r> = 1 

d  Inc  (x  10"®  D 

244T1 

473 

7.3 

0.316 

0.63 

228T1 

298 

10.6 

.378 

1.64 

229T2 

298 

7.7 

.463 

1.57 

226T2 

208 

13.0 

.402 

1.40 

228T2 

197 

19.3 

.396 

2.24 

233T1 

78 

49.7 

.323 

1.34 

242T1 

78 

35.0 

MS 

~ 

242T2 

78 

39.3 

— 

244 T2 

20 

80.5 

— 

234T1 

20 

87.9 

mmmm 

222T2‘'' 

298 

20.7 

~ 

160T2t 

298 

20.0 

— 

*Tp  is  the  tensile  stress  measured  as  the  first  deviation  of  the 

loai-elongation  curve  from  linearity  resolved  onto  the  (Oil)  [ill] 
slip  plane  which  has  the  maximum  resolved  shear  stress  factor. 

03 


'*’Not  [001]  axis  crystals. 


Table  VI  (continued) 

B.  Crystals  Aged  at  600°C  for  1.5  hours  and  Furnace  Cooled 


Crystal 

No. 

Test 

Temp 

CKI 

^U.  Y.  P* 
(103  psi) 

“^L.Y.P.* 
(10^  psi) 

n 

(1^) 

\  d€/e  =  0.  03 

(x  10"®  psi) 

%Load 

Prop. 

236T2 

473 

12.5 

10.5 

0.373 

0.785 

16 

229T1 

298 

25.2 

15.4 

— 

— 

39 

246JT1 

298 

16. 1 

14. 1 

— 

12.4 

224T1^ 

298 

26.4 

13. 1 

.568 

1.51 

50.3 

235T1 

197 

32.9 

25.9 

.469 

1.79 

21 

230T1 

78 

80.4 

55.7 

.261 

— 

30.7 

236T1 

78 

80.5 

53.7 

W 

— 

33 

222T1^^ 

78 

119.3 

113.3 

— 

5 

225T1^^ 

78 

125.0 

121.0 

3 

♦Stress  has  been  resolved  onto  (Oil)  [ill]  slip  system  with  the  maximum 
resolved  shear  stress. 

‘^’Aged  13/4  hours  at  1000°  C. 

♦♦Not  [00 1]  axis  crystals. 


and  the  proportional  limit  for  as-grown  crystals.  As  was  expected,  the  upper 
yield  point,  lower  yield  point,  and  proportional  limit  all  show  a  rapid  increase 
with  decreasing  temperature.  Both  the  upper  and  lower  yield  stress  can  be 
approximated  by  a  straight  line  when  t  is  plotted  vs  l/T,  but  the  upper  yield 
strength  also  fits  equally  well  a  straight  line  relation  when  log  t  is  plotted  vs  T. 
This  is  not  true  for  the  lower  yield  strength.  The  temperature  dependence  of  the 
proportional  limit  of  unaged  crystals  can  be  fitted  to  a  straight  line  when  t  is 
plotted  vs  1/T  but  not  as  log  t  vs  T.  The  scatter  in  this  case  is  very  hard  and  in 
the  absence  of  more  information  it  is  unreasonable  to  consider  that  this  empirical 
fit  is  meaningful.  Similarly,  since  the  upper  yield  strength  data  fit  equally  well 
to  both  type  of  plots  these  data  are  no  proof  that  either  relation  is  correct.  One 
thing  is  apparent  from  these  data,  however,  and  that  is  that  the  strength  of  the 
[001]  crystals  is  below  that  of  the  average  of  the  larger  number  of  crystals 
uieasured  earlier.  Figure  45  compares  the  proportional  limit  shear  stress  values 
for  the  two  sets  of  data.  There  are  three  differences  between  this  set  of  data  and 
the  earlier  work  reported  in  the  section  on  ‘'Deformation  Behavior."  First,  the 
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difference  in  the  testing  machine  referred  to  earlier;  second,  the  possible  difference 
in  purity  of  these  [001]  crystals;  and  third,  the  difference  in  strain  rate.  The  soft¬ 
ness  of  the  tensile  machine  will  influence  the  determination  of  the  proportion  limit. 
However,  the  second  difference  between  the  two  sets  of  tests  is  probably  more 
important.  The  [001]  crystals  and  all  crystals  numbered  120  through  150  were 
grown  from  material  which  had  been  vacuum  degassed  prior  to  receipt.  Standard 
procedure  followed  in  the  growth  of  early  crystals  included  annealing  the  crystals 
in  the  vacuum  system  at  about  3000°K  for  10  minutes  prior  to  melting.  In  an  effort 
to  eliminate  this  step  and  hopefully  to  obtain  purer  starting  material,  the  l/8-inch 
rod  used  to  grow  the  crystals  was  heated  at  2500°K  for  several  hours  prior  to 
shipment  from  our  Cleveland  plant.  Analysis  of  the  material  shows  little  improve¬ 
ment  in  purity,  and  analyses  ^ter  growth  of  the  single  crystals  show  that  the  only 
difference  in  purity  is  in  the  average  level  of  carbon  that  has  been  reduced  from 
about  20  ppm  by  weight  to  about  10  ppm  by  weight.  Since  Lawley(43)  has  shown  that 
small  differences  in  purity  as  inferred  from  differences  in  zone-refining  procedure 
influence  the  temperature  dependence  of  the  yield  strength  in  Mo  single  crystals,  it 
is  probably  that  the  same  phenomenon  is  illustrated  here.  Apparently  the  difference 
in  carbon  content  of  the  crystals  used  for  these  experiments  and  those  used  in  the 
early  work  is  responsible  for  this  difference  although  the  evidence  is  not  at  all 
conclusive. 

Although  the  importance  of  strain  rate  on  the  proportional  limit  was  not 
evaluated  in  this  work.  Rose  has  examined  this  variable.  The  data  taken  from  his 
paper  for  [001]  axis  crystals  and  presented  in  Table  VII  show  that  for  the  range  of 
strain  rates  used  in  our  experiments  there  is  no  effect  of  strain  rate  on  the  pro¬ 
portional  limit.  Further,  it  should  be  noted  on  Fig.  45  that  his  data  for  a  strain 
rate  of  2.  5  x  10"^/min  fall  for  the  most  part  below  our  data  for  a  strain  rate  of 
2  x  10"*/min. 


TABLE  VII 


Shear  Strength  of  [00 1]  Axis  Txuigsten  Crystals 
as  a  Function  of  Temperature  and  Strain  Rate  [after  Rose^^^)] 


Irystal 

No. 

Test  Temp 
(°K) 

• 

e 

(per  min) 

a 

(102  psi) 

*^(011)  [111] 
il02  psi) 

17b 

77 

2.5x10-2 

107.0 

43.6 

27b 

195 

2.5x10-2 

51.0 

20.8 

17a 

300 

2.5x10-2 

31.0 

12.6 

27a 

373 

2.5x10-2 

24.0 

9.8 

48 

300 

2.5x10-^ 

65.0 

26.5 

37a 

300 

2.5x10-2 

24.0 

9.8 

7 

300 

2.5x10"“ 

132.0 

53.9 
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Another  reason  for  the  difference  in  strength  of  the  [001]  axis  crystals  and 
crystals  of  random  orientation  could  be  that  there  is  an  influence  of  orientation  on 
the  critical  resolved  shear  stress.  Although  we  never  considered  our  data  accurate 
enough  to  draw  this  conclusion  without  reservation,  Rose's  data  indicate  a  marked 
increase  in  strength  and  a  marked  decrease  in  apparent  work-hardening  rate  of 
[Oil]  axis  crystals.  Since  an  abrupt  discontinuity  of  the  influence  of  orientation  on 
critical  resolved  shear  stress  is  not  to  be  expected  it  is  reasonable  too  that  strength 
of  a  particular  orientation  might  be  less  than  the  average  strength  of  many  crystals 
of  different  orientations. 

The  work-hardening  rate  for  the  [001]  crystals  is  also  included  in  Table  VI 
and  the  work-hardening  exponent,  d  In  r/d  In  € ,  is  plotted  as  a  fiinction  of  temper¬ 
ature  in  Fig.  46.  These  data  are  of  particular  interest  because  they  show  a 
difference  between  the  as-grown  and  the  aged  crystals,  and  they  also  show  that  the 
work-hardening  rate  is  a  maximum  near  room  temperature.  The  difference  in 
work-hardening  exponent  between  aged  and  as-grown  crystals  is  to  be  expected, 
but  without  more  '.^formation  on  the  nature  of  the  aging  phenomenon  it  would  be 
difficult  to  predict  which  treatment  would  result  in  the  highest  work  hardening. 

The  maximum  in  the  work-hardening  exponent  at  room  temperature  is  more  readily 
understood  since  as  we  have  shown  earlier  slip  deformation  at  20°,  77°,  and  200°K 
takes  place  on_(110)  <111>  type  slip  systems.  At  room  temperature,  however, 
both  (110)  <llT>  type  and  (211)  <lll>  type  slip  systems  are  active.  Hence  one 
would  expect  an  increase  in  work-hardening  rate  from  77°  to  298°K.  The  reason 
for  the  decrease  in  work- hardening  rate  above  298°K  is  not  as  precisely  explained 
because  deformation  modes  have  not  been  as  exhaustively  determined  above  298°K. 
However,  what  evictence  there  is  was  presented  in  an  earlier  section  of  this  report; 
and  since  (211)  <lll>  type  slip  is  preferred  at  725°K  and  also  at  very  high  temper¬ 
atures  as  Goucher(25)  and  more  recently  Pugh  and  Leveri^^)  have  shown,  it  is 
reasonable  to  expect  a  decrease  in  work-hardening  rate  above  298°K.  The  slope 
of  the  shear  stress-shear  strain  curve  at  3  per  cent  strain  is  also  presented  in 
Table  VI.  Note  that  the  same  general  trend  is  apparent  here  also  ^though  there  is 
greate^r  scatter  in  the  data.  The  data  of  BechtoldW^)  on  the  work-hardening 
coefficient  indicate  that  d  In  o/d  In  €  is  temperature  dependent  but  in  his  case  they 
resiched  a  maximum  at  350° C.  Because  of  the  brittleness  of  polycrystalline 
specimens  at  lower  temperatures  he  could  not  make  measurements  at  low  temper¬ 
ature  and  hence  the  polycrystalline  data  cannot  be  compared  with  the  single  crystal 
data. 


The  most  interesting  feature  of  the  load-elongation  curve  of  the  aged  single 
crystals  is  not  apparent  on  the  stress  strain  curve.  The  yield  point  load  drop  was 
often  accompanied  by  an  audible  "click"  reminiscent  of  twinning.  However,  close 
inspection  of  these  samples  failed  to  reveal  the  presence  of  twins  for  any  test 
temperature  from  77°  to  473°K.  Realizing  that  any  noise  associated  with  a  load 
drop  phenomenon  in  body-centered  cubic  metals  is  always  assumed  to  be  twinning, 
this  phenomenon  was  investigated  further  by  performing  some  delay  time  experi¬ 
ments  of  an  unusual  kind.  A  tensile  specimen  was  loaded  to  a  stress  below  the 
upper  yield  strength  and  then  the  motion  of  t.he  crosshead  stopped.  After  a  certain 
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time  which  depends  on  the  maximum  stress  reached,  the  specimen  began  to  unload 
itself  by  exchanging  plastic  for  elastic  strain.  The  total  strain,  elastic  strain  plus 
plastic  strain,  was  held  fixed.  The  results  of  such  a  test  are  illustrated  in  Fig.  47. 
This  experiment  performed  at  298'’K  is  convincing  evidence  that  rapid  unloading 
can  occur  in  tungsten  without  twinning  since  again  no  twins  were  found  upon  exami¬ 
nation  and  also  on  reloading  the  specimen  behaved  as  would  be  expected  of  an  as- 
grown  crystal.  The  aging  treatment  results  in  a  locking  of  dislocations  by  an 
impurity,  presumably  an  interstitial  impurity  because  the  aging  occurs  at  relatively 
low  temperatures.  The  yield  points  resulting  from  such  a  locking  process  should 
not  be  presumed  to  be  of  the  Cottrell  type,  and  this  point  will  be  considered  in  the 
section  on  "Dislocation  Velocities.  " 


Several  comments  about  the  character  and  distribution  of  slip  lines  in  these 
specimens  are  appropriate.  Consider  the  photograph  shown  in  Fig.  48(a)  which  was 
taken  after  etching  the  crystal  used  in  the  delayed  yielding  experiment  indicated  as 
W247-T1  in  Fig.  47.,  Note  that  the  glide  bands  delineated  by  the  rows  of  etch  pits 
(revealing  dislocations)  are  widely  spaced  along  the  length  of  the  specimen.  Figure 
48(b)  shows  the  crystal  whose  mechanical  history  is  indicated  by  the  curve  marked 
W247-T2  in  Fig.  47.  In  this  case  the  glide  bands  are  no  longer  narrow,  but  have 
widened.  Their  number  has  not  changed.  Also  interesting  is  the  fact  that  in  the 
aged  crystal,  shown  in  Fig.  48(b)  and  at  higher  magnification  in  Fig.  48(c),  con¬ 
siderable  work  hardening  has  occurred  but  the  widening  glide  bands  have  not  yet 
impinged  on  one  another.  The  bands  widen  only  with  increasing  stress.  This  has 
been  observed  previously  in  LiF.  (45) 

The  character  of  the  slip  lines  present  after  deformation  of  the  aged 
crystals  is  illustrated  in  Fig.  49.  It  is  apparent  that  they  are  extremely  sharp  and 
straight.  These  pictures  were  taken  on  a  specimen  deformed  just  beyond  the  lower 
yield  point.  The  broad  band  present  in  Fig.  49(a)  produced  enough  offset  to  account 
for  about  20  per  cent  of  the  load  drop.  Reference  to  this  observation  will  be  made 
in  the  discussion  which  appears  at  the  end  of  the  next  section. 


Aging  Effects 

Some  preliminary  experiments  on  the  effects  of  aging  on  strained  tungsten 
single  crystals  are  discussed  in  this  section  and  summarized  in  Table  VIII.  The 
observation  that  a  600°  C  anneal  produced  an  abrupt  yielding  phenomenon  in  as-grown, 
unstrained  single  crystals  raised  the  question  as  to  what  impurity  or  impurities  in 
tungsten  are  responsible  for  the  aging  effects.  Since  at  the  present  time  it  is  not 
possible  to  eliminate  all  impurities  and  further  since  current  analytical  techniques 
don't  permit  reliable  measurement  of  the  level  of  impurities  present  in  tungsten, 
it  was  decided  to  investigate  briefly  the  influence  of  time  and  temperature  on  the 
production  of  the  yield  point. 


Hardness  measurements  seemed  a  reasonable  approach  if  sensitive  to 
aging,  since  small  samples  could  be  used  and  hence  experiments  could  be  completed 
on  one  single  crystal.  'T.vo  samples  were  prepared  to  investigate  this  possibility 
by  cutting  a  single  crystal  transversely  and  polishing  the  opposite  faces  using 
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standard  metallographic  procedures.  The  final  step  was  electropolishing.  Using 
opposite  faces  eliminated  orientation  effects  and  minimized  purity  differences.  One 
section  of  the  crystal  was  aged  for  1.  5  hours  at  SOO^C  and  the  second  was  used  as 
a  control.  No  significant  difference  in  hardness  of  the  two  specimens  was  measuzv 
able.  The  aged  crystal  had  a  Vickers  hardness  of  344  ±  13  and  the  as-grown  crjrstal 
a  Vickers  hardness  of  340  ±  16  for  a  500-gram  load  and  a  loading  rate  of  0. 04 
mm/min.  Loads  of  from  50  to  1000  grams  and  loading  rates  from  0. 1  mm/min  to 
0.01  mm/min  were  investigated  with  similar  results.  It  was  noted  that  loading  rate 
influences  the  hardness  v^ue  obtained,  but  no  combination  of  load  and  loading  rate 
distinguished  between  the  two  samples. 

Since  hardness  will  not  distinguish  between  as-grown  amd  aged  crystals 
several  [001]  crystals  were  cut  into  0. 250  inch  long  byO.  100  inch  diameter  cylinders 
&>r  compression  tests.  The  aging  treatments  are  summarized  in  Table  Vm  smd  the 
strength  levels  are  indicated.  As  is  evident  from  the  table,  these  samples  did  not 
exhibit  the  large  yield  drops  which  had  been  seen  in  the  tensile  tests.  As  Johnston^^®) 
has  emphasized,  yield  points  are  very  difficult  to  obtain  in  compression  unless  the 
specimens  are  aged  under  a  light  load  while  in  place  in  the  testing  machine.  Since 
sufficient  time  did  not  remain  to  design  equipment  to  accomplish  this  the  compression 
tests  were  abandoned. 

However,  tensile  tests  summarized  in  Table  Vin  give  enough  information 
to  prove  that  further  investigation  of  this  aging  phenomenon  should  be  made.  The 
table  illustrates  several  points.  First  is  the  fact  that  strain-aging  produces  a  yield 
point  in  tungsten  crystals  only  if  the  prior  strain  is  less  than  about  1  per  cent. 

Second  is  the  fact  that  1. 5  hours  at  600*0  is  sufficient  to  produce  return  of  the  yield 
point.  At  400*0,  1. 5  hours  is  not  sufficient  while  6  hours  is  sufficient  to  bring  a 
return  of  the  yield  point.  Further,  the  yield  point  produced  by  the  strain  aging  is 
quite  different  from  the  yield  point  observed  in  crystals  which  received  no  strain 
prior  to  aging.  In  the  case  of  the  strain  aged  crystals,  the  sample  exhibits  pre¬ 
yield  microstrain  and  a  proportional  limit  is  measurable.  In  the  case  of  crystals 
aged  prior  to  straining,  no  pre-yield  microstrain  is  detectable.  Also  note  that  in  the 
case  of  the  strain  aged  crystals  the  load  drop  from  upper  to  lower  yield  point  is  only 
a  few  per  cent  while  for  crystals  aged  prior  to  straining  Table  VI  indicates  load  drops 
of  tens  of  per  cents.  Apparently  in  crystals  with  a  dislocation  density  greater  than 
about  2  X  10^  dislocations/cm*  (the  density  observed  in  crystals  strained  1  per  cent— 
see  the  section  on  "Etch  Pitting")  the  dislocations  cannot  be  pinned  as  effectively 
by  the  impurity.  Assuming  that  one  impurity  atom  per  plane  along  a  dislocation  line 
is  required  to  completely  immobilize  a  dislocation,  a  dislocation  density  of  2  x  10^ 
would  require  only  about  0. 01  atom  ppm.  Since  C,  O,  and  N  are  all  present  in 
amounts  greater  than  this,  it  is  difficult  to  say  what  impurity  is  responsible.  Some 
progress  on  the  identification  of  the  impurity  responsible  for  this  a^ng  phenomenon 
is  being  made  by  Sell(47)  and  co-workers.  They  have  identified  an  internal  friction 
peak  at  300*C  which  disappears  after  a  solution  treated  specimen  is  aged  at  600"C 
or  above  for  a  short  time.  The  impurity  responsible  for  this  internal  friction  peak 
is  probably  the  same  one  responsible  for  the  observed  aging  phenomenon. 


-61- 


The  limitation  of  time  prevented  further  investigation  of  the  aging  and/or 
the  strain  aging  effects,  but  the  data  are  included  here  to  point  out  the  existence 
of  the  phenomenon. 

Strain  Rate  Sensitivity 
of  Tungsten  Single  Crystals 

Early  in  this  work  it  was  noted  that  tungsten  crystals  exhibited  consider¬ 
able  ductility  if  deformed  slowly,  but  fractured  with  little  or  no  plastic  deformation 
if  deformed  rapidly  indicating  that  the  flow  properties  were  strain  rate  sensitive. 
Previous  measurements  of  strain  rate  sensitivity  in  tungsten  by  Pught^®)  and 
Bechtold(33)  were  made  at  temperatures  above  250®  C.  Since  no  data  were  available 
for  temperatures  below  250®  C,  the  strain  rate  sensitivity  of  several  crystals  was 
investigated  at  77®  and  298®K. 


where  n  is  the  strain  rate  sensitivity; 

0^  is  the  flow  stress  at  a  strain  rate  and  a  strain,  €  ; 

is  the  flow  stress  at  a  strain  rate  ca  and  the  same  strain,  c . 

n  is  usually  measured  in  one  of  two  ways.  The  first  involves  determining  the 
stress-strain  curve  for  two  similar  samples  deformed  at  two  different  strain  rates 
and  the  calculated  n  at  different  strains.  A  simpler  technique  which  involves  only 
one  specimen  is  to  change  strain  rates  in  the  middle  of  the  test  and  determine  the 
change  in  the  flow  stress.  This  process  can  be  repeated  several  times  in  order  to 
determine  n  as  a  function  of  strain.  The  change  of  rate  type  tests  were  used,  and 
the  strain  rate  was  varied  by  a  factor  of  10  from  0.4  per  cent/min  to  4.0  per 
oent/min.  The  strain  range  investigated  was  from  0. 5  to  10  per  cent.  Crystals  of 
different  orientations  were  used  to  see  if  there  was  any  effect  of  orientation. 

The  data  are  presented  in  Table  IX  and  n  is  given  as  a  function  of  increasing 
strain.  Except  for  crystal  WB-2,  there  appears  to  be  no  influence  of  strain  or 
orientation  on  n.  However,  n  is  a  function  of  temperature  having  a  value  at  77®K 
which  is  60  per  cent  of  the  room  temperature  value.  These  values  are  similar  to 
the  values  reported  by  Pugh (48)  at  400®  C  but  are  considerably  below  the  values  of 
Bechtold(®®)  reported  at  250®C.  However,  it  is  evident  from  the  data  of  Carreker 
and  auard(49)  and  Bechtold(50)  on  Mo  the  strain  rate  sensitivity  is  not  a  monotonic 
function  of  temperature. 
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TABLE  IX 


Strain  Rate 

Sensitivity  of  Tungsten  Single  Crystals 

Sample 

Strain 

Temp 

No. 

{%) 

Vine  « 

n 

(“K) 

WB2 

2 

0.0160 

77 

2.9 

.0140 

4.9 

.0140 

0.0138 

7.0 

.0125 

8.9 

.0115 

9.2 

.015a 

WCl 

.0125 

.0122 

77 

.012a 

WB3 

.0145 

77 

.0195 

77 

.0190 

> 

.0140 

.0161 

.0140 

W 188-2 

.0145 

.0145 

77 

W 189-1 

.01351 

77 

.0135 

.0135 

.013^ 

W180 


W 160-1 


WC-2 


Grand  Average  0. 0140  ±  0. 0013 


.024^ 

.0255 

.0255> 

.0255 

.025i 

.0215 

.0280 

.0260^ 

.0275 

.026a 

.0266 

.0235 

.0215 

. 0225^ 

.0250 

.0250 

.026a 


.0252 


.0258 


.0240 


298 


298 


298 
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Table  IX  (continued) 


i 


Sample  Strain 

_i»L 

WC3 


n 


Temp 

jiia. 


0.0206" 

.0220 

.0220 

.0225 

.0225 

.0240 

.0200 


0.0224 


Grand  Average  0.0243  ±0.0013 


298 


Summary 

The  temperature  dependence  of  the  proportional  limit  of  as-grown 
tungsten  crystals  and  the  temperature  dependence  of  the  upper  and  lower  yield 
points  of  aged  crystals  was  measured.  As  expected,  the  data  showed  a  rapid  in¬ 
crease  as  the  temperature  was  lowered.  The  data  plot  reasonably  well  as  a  straight 
line  if  T  is  plotted  vs  the  reciprocal  of  the  absolute  temperature,  but  equally  as  well 
as  log  T  vs  temperature  at  temperatures  below  room  temperature.  Therefore,  it 
is  not  reasonable  to  assume  that  any  particular  model  of  gelding  is  correct. 

The  dramatic  effect  of  aging  on  the  shape  of  the  stress-strain  properties 
is  reported,  but  the  impurity  or  impurities  responsible  was  not  identified. 

The  work-hardening  coefficient  of  [001]  axis  single  crystals  is  temper¬ 
ature  dependent  and  is  a  maximum  (over  the  temperature  range  77**  to  473  "K)  near 
room  temperature.  Aged  crystals  have  a  larger  work-hardening  coefficient  than 
as-grown  crystals  for  all  temperatures  investigated. 

The  strain  rate  sensitivity  was  measured  by  the  rate-change  technique 
at  77*  and  298*K.  As  Guard(51)  and  Hahn(62)  have  recently  indicated,  the  strain 
rate  sensitivity  should  be  related  to  the  stress  dependence  of  the  velocity  of 
individual  dislocations,  and  this  point  will  be  considered  further  in  the  next  section. 
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Fig.  42  Typical  load-elongation  at  SCXl^K  for  as- 
grown  and  aged  tungsten  single  crystals.  Although 
the  samples  illustrated  had  a  [00 1]  tensile  axis, 
the  behavior  is  typical  of  random  orientations. 

The  load  drops  are  less  spectacular  for  the  random 
orientations. 
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Fig.  43  Load-elongation 
curve  for  [001]  axis  crystal 
tested  at  77"K.  Note  failure 
was  premature  and  actually 
occurred  in  the  fillet. 
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Fig.  44  The  temperature  dependence  of  the  proportional  limit  and  upper  and  lower 
yield  point  of  [001]  axis  single  crystals.  No  tests  of  aged  crystals  were  made  at 
20"K. 
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Fig.  46  Temperature  dependence  of  the  proportional  limit  of  [001]  axis  and  random 
axis  tungsten  single  crystals.  Also  included  are  strengths  of  [001]  axis  crystals 
obtained  by  Rose.  (32) 
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Fig.  46  Temperature  dependence  of 
the  work  hardening  exponent,  dlnr/ 
dine,  of  [001]  axis  tungsten  single 
crystals. 
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Fig.  47  Illustration  of  delayed  yielding  in  tungsten.  Experiment  conducted  at  298®K. 
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Fig.  48  Etched  surface  of  crystals  used  for  delay  time  experiments 
illustrated  in  Fig.  47.  (a)  Crystal  W247-T1,  250X;  (b)  crystal 
W247-T2,  250X;  (c)  same  as  (b),  500X. 
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(a) 


(b) 


Fig.  49  Slip  lines  on  surface  of  aged  crystal  de¬ 
formed  at  77*K— 250X.  Large  deformation  band 
in  (a)  produced  enough  strain  to  account  for  20  per 
cent  of  the  load  drop. 
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VI.  MOBILITY  OF  DISLOCATIONS  IN  TUNGSTEN 


Introduction 

The  recent  work  of  Johnston,  Johnston  and  Gilman,  Stein  and 
Low,  (3)  and  Chaudhuri  and  PateU^^)  on  the  behavior  of  individual  dislocations  in 
single  crystals  of  LiF,  3.25  per  cent  Si-Fe,  and  Ge  and  Si  has  demonstrated  that 
a  knowledge  of  the  dislocation  behavior  in  a  crystal  can  be  used  to  explain  the 
mechanical  properties  of  single  cr5rstals.  These  authors  have  used  dislocation 
etch-pitting  techniques  to  observe  the  behavior  of  individual  dislocations  under  the 
application  of  stress  at  various  temperatures.  In  addition  to  the  fact  that  these 
authors  have  illustrated  that  the  average  velocity  of  a  dislocation  is  a  very  sensitive 
function  of  stress  and  temperature,  they  have  raised  the  question  of  the  importance 
of  the  Cottrell  explanation  of  the  rapid  drop  in  load  which  occurs  subsequent  to  the 
upper  yield  point  in  iron.  Cottrell's(35)  theory  says  that  load  drop  following  the 
upper  yield  point  is  the  result  of  dislocations  breaking  away  from  their  impurity 
■atmospheres"  whence  they  are  free  to  move  and  multiply  at  a  stress  lower  than 
that  required  to  free  them  from  their  atmospheres.  Using  their  data  on  the  stress 
dependence  of  the  dislocation  velocity  and  the  dislocation  velocity  as  a  function  of 
strain,  Johnston  and  Gilmam^^)  and  more  recently  Johnston(^®)  have  shown  that 
the  yield  point  can  be  explained  using  the  two  parameters  mentioned  above  with  the 
assumption  that  the  original  crjrstal  had  relatively  few,  but  some  (10*  to  10*  dislo¬ 
cations/cm*),  mobile  dislocations.  Johnston  also  points  out  that  in  addition  to 
these  parameters,  in  a  real  crystal  the  rate  of  work  hardening  will  influence  the 
magnitude  of  the  ^eld  point. 

A  second  and  independent  indication  that  Cottrell's  explanation  may  not  be 
the  complete  explanation  of  the  yield  point  is  the  results  of  Stein  and  Low.  They 
measur^  the  stress  dependence  of  the  average  velocity  of  dislocations  in  single 
crystals  of  3.25  per  cent  Si-Fe  and  found  that  the  temperature  dependence  of  the 
stress  required  to  maintain  a  dislocation  velocity  of  10"*  cm/sec  was  the  same  as 
the  temperature  dependence  of  the  flow  stress.  Further,  they  found  that  gross 
yielding  of  a  single  crystal  initiates  at  inclusions  in  the  crystal  and  thus  that  stress 
concentrations  may  be  important  to  yielding. 

In  an.  effort  to  broaden  the  quantitative  knowledge  of  the  role  which  dislo¬ 
cations  play  in  yielding  of  single  crystals  in  general  and  in  tungsten  crystals 
specifically,  the  technique  of  Stein  and  Low  was  used  to  determine  the  stress 
dependence  of  the  average  velocity  of  dislocations  in  tungsten  single  crystals  at 
77“  and  298  "K. 

Experimental  Procedure 

The  growth  of  the  single  crystals  and  their  preparation  for  the  velocity 
measurements  has  been  described  previously.  In  addition  to  the  treatments 
described  for  bend  specimens  it  was  found  to  be  necessary  to  age  the  crystals  at 
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600*C  for  about  1. 5  hours  and  slow  cool  them  to  room  temperature  to  prevent  the 
motion  of  the  dislocations  grown  into  the  crystal.  Since  the  success  of  the  experi* 
ment  depends  on  knowing  the  location  of  a  group  of  dislocations  before  and  after  the 
application  of  a  stress,  random  motion  from  grown  in  dislocations  cannot  be 
tolerated.  This  aging  process  effectively  pinned  the  grown- in  dislocations  for  tests 
run  at  but  unpinning  became  a  problem  at  298“K.  The  effect  of  tliis  treat¬ 

ment  on  the  stress-strain  behavior  has  been  previously  discussed  in  this  report. 

The  specimen  was  cut  to  have  the  orientation  indicated  in  Fig.  50  so  that 
when  loaded  in  bending  along  the  axis  indicated  the  maximum  resolved  shear  stress 
was  on  the  (Oil)  [111]  type  slip  system.  Dislocations  moving  on  this  plane  have  a 
Burgers  vector  parallel  to  the  surface  of  the  specimen  and  hence  are  pure  edge 
dislocations.  Fresh  dislocations  were  introduced  on  the  (112)  surface  of  the  crystal 
along  a  line  perpendicular  to  the  bend  axis  in  the  same  manner  and  with  the  same 
diamond  indentor  described  by  Stein  and  Low.  (2)  The  character  of  the  scratch 
produced  is  shown  in  Fig.  51.  Scratching  was  always  carried  out  at  77*K  and  the 
lapsed  time  between  scratching  and  loading  was  never  more  than  5  minutes.  Note 
that  the  scratch  shown  in  Fig.  51  is  not  symmetrical  and  dislocations  moving  from 
the  scratch  along  the  (110)  trace  always  moved  from  the  side  of  the  scratch  showing 
fewer  dislocations.  At  high  stress  dislocation  motion  from  both  sides  of  the  scratch 
was  observed.  Figure  33  indicates  this  as  well  as  illustrating  the  character  of  the 
glide  bands  formed. 

The  velocity  measurements  were  made  by  taking  a  previously  polished  and 
etched  specimen,  scratching  it  at  77  ®K  and  then  loading  it  in  three-point  bending  for 
a  predetermined  time  at  a  predetermined  temperature,  and  then  re-etching.  The 
loading  time  was  usually  long  enoug^i  so  that  only  a  small  error  was  introduced  by 
reading  the  time  from  the  recording  chart.  For  short-time  pulses  the  load  signal 
was  fed  into  the  vertical  scale  of  an  oscilloscope  and  the  time  was  read  from  a 
photograph  of  the  hori25ontal  sweep.  A  Tinius  Olsen  testing  machine  was  used  for 
all  but  the  short  time  experiments,  where  an  Instron  was  used.  The  force  applied 
to  the  specimen  was  used  to  calculate  the  applied  stress  in  the  specimen  assuming 
elastic  behavior.  Since  all  stress  used  were  below  the  stress  for  general  yielding, 
for  the  aged  crystal,  this  approximation  introduces  no  error.  However,  there  are 
several  sources  of  error  which  must  be  considered. 

Sources  of  Error 

The  following  sources  of  error  will  be  considered:  subgrain  boundaries, 
nonuniformity  of  specimen  shape,  and  residual  stress  in  the  scratch.  The  presence 
of  subgrain  boundaries  was  a  constant  source  of  difficulty.  If  dislocations  mpving 
from  the  scratch  encountered  a  subgrain  boundary  they  were  held  up  by  the  boundary 
for  two  reasons:  first,  by  the  interaction  of  the  stress  field  of  the  boundary  with 
the  stress  field  of  the  dislocation  and,  second,  because  the  initial  etching  had 
removed  material  and  hence  the  moving  dislocation  encountered  a  hole  in  the 
material.  The  obvious  solution  of  moving  the  dislocations  short  enough  distances  to 
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avoid  this  interaction  effect  was  adopted.  This  meant  that  total  distances  of  motion 
of  400|i  or  less  were  used.  The  problem  of  the  nonuniformity  of  the  specimen  is 
troublesome  in  that  it  introduces  an  error  in  the  stress  calculation  which  requires 
knowledge  of  the  moment  of  inertia  of  the  specimen,  and  also  because  it  means  a 
nonuniform  stress  field  across  the  surface  of  the  specimen.  The  latter  part  of  the 
problem  was  minimized  by  using  only  the  center  section  of  the  surface  of  the 
crystal.  At  most,  the  error  in  the  moment  of  inertia  was  less  than  about  5  per 
cent  which  is  about  the  same  as  the  maximum  error  in  the  knowledge  of  the  absolute 
load. 


The  residual  stress  in  the  scratch  could  be  very  troublesome  except  that 
it  can  be  estimated  from  the  experiment  and  hence  subtracted  from  the  data.  Con¬ 
sider  Fig.  52  which  schematically  illustrates  the  problem.  Since  Stein  has  shown 
that  the  residual  stress  introduced  by  the  diamond  scriber  falls  off  linearly  with 
the  distance  from  the  scratch,  we  assume  the  stress  distance  profile  indicated  by 
Tq.  For  an  applied  stress,  t,  the  stress  profile  across  any  given  cross  section  is 
represented  by  the  dotted  line  and  is  the  sum  of  the  applied  stress  and  the  residual 
stress.  Since  for  a  given  time  of  an  experiment  the  dislocations  will  move  a 
distance  which  is  t 

/o  ^dt, 

there  is  some  arbitrary  stress  below  which  no  dislocation  motion  will  be  observed, 
and  hence  dislocations  will  move  away  from  the  scratch  the  distance  indicated.  As 
the  applied  stress  is  varied,  this  distance  moved  from  the  scratch  will  change  and 
the  profile  of  the  distance  moved  vs  stress,  t  ,  is  indicated  schematically  in  Fig.  53. 
Xo  is  the  distance  over  which  the  scratching  process  itself  has  caused  motion.  This 
curve  was  constructed  assuming  that  the  average  dislocation  velocity,  7,  is  power 
function  of  t.  This  figure  emphasizes  that  Xc,  the  distance  over  which  the  residual 
stress  of  the  scratch  is  felt,  is  not  easily  measurable,  but  also  that  failing  to  take 
it  into  consideration  introduces  an  error  of  less  than  10  per  cent  as  long  as  the  data 
are  taken  for  stresses  close  to  Tj^ax*  practice  this  was  done.  Actually  the 
expression  for  the  shape  of  the  curve  indicated  from  Tmax  to  t  =  is: 

/r\n  Xc 

X  =  Xo  +  I -  )  t - 

Vo  y  TTc(n  +  l) 

where  Xo  and  Xc  are  as  defined  in  the  figure  and  v  =  (t/to)*^  an  empirical  relation 
found  by  Gilman  and  Johnston,  Stein  and  Low,  and  Schadler  to  fit  the  data. 

X  -  Xc  -  Xo 

Hence,  v  =  -  -i  -  . . 

t 

From  the  experiments  Xo  is  14u,  Xc  is  14m-,  and  Tc  about  15,000  psi,  and  28  m.  was 
subtracted  from  the  measured  distance  tc  calculate  the  average  velocity  defined  as 
above.  The  ^  factor  is  to  correct  for  the  actual  distance  moved  since  X  was 
measured  perpendicular  to  the  scratch  and  the  dislocations  are  moving  on  a  plane 
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which  is  45*  to  the  scratch.  Figure  54  shows  motion  of  dislocations  from  the 
scratch.  The  specimen  shown  in  Fig.  54(a)  was  stressed  at  77 “K  and  that  shown 
in  Fig.  54(b)  was  stressed  at  298  *K. 

Results 

The  stress  dependence  of  the  average  edge  dislocation  velocity  on  (Oil) 
[111]  type  slip  planes  at  77 “K  is  indicated  in  Fig.  55  and  in  Table  X.  The  solid 
line  with  the  dashed  extensions  is  the  least  squares  line  for  all  the  data  obtained, 
and  Table  X  contains  the  constants  in  the  equation 


which  were  obtained  from  a  least  squares  fit  to  the  data  from  individusd  crystals. 
Also  included  in  the  figure  are  the  least  squares  line  and  the  individual  data  points 
for  crystals  W205-2  and  W249-1  which  have  the  largest  and  smallest  values  of  m, 
respectively,  for  all  crystals  tested.  There  is  a  variation  of  the  functional  relation 
between  different  crystals  as  might  be  expected  both  from  experimental  error  and 
from  variation  in  properties  of  the  crystals  due  to  variations  in  purity.  Although 
these  crystals  have  not  been  analyzed  due  to  recent  completion  of  the  test,  we 
know  from  previously  presented  data  there  is  no  significantly  measurable  variation 
in  purity.  This  fact  alone  is  sufficieht  to  permit  anticipation  of  the  fact  that  the 
influence  of  purity  on  the  stress  dependence  of  the  velocity  was  not  made  and  should 
probably  not  be  attempted  with  interstitial  impurities  until  better  methods  of  analysis 
and/or  doping  become  available . 


TABLE  X 

Summary  of  Dislocation  Velocity  Data 


Crystal 

No. 

Temp 

("K) 

m 

H  Tp 

W205-2 

77 

9.3 

4.84 

W238-2 

77 

14.6 

4.73 

W209B 

77 

12.5 

4.88 

W249-1 

77 

11.9 

4.70 

All  crystals 

77 

10.5 

4.79 

W238-2 

298 

4.0 

4.90 

W213-2 

298 

6.2 

4.41 

W239-1 

298 

3.1 

5.01 

All  crystals 

298 

4.8 

4.65 
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Also  presented  in  Fig.  55  is  the  least  squares  line  for  all  of  the  results 
obtained  at  298  ”K.  The  data  in  this  case  are  not  presented  since  the  data  do  not 
cover  a  broad  enough  velocity  range  and  are  probably  not  as  reliable  as  the  data 
obtained  at  77*’K.  Data  were  not  taken  at  higher  velocities  because,  at  the  high 
stresses  required,  dislocations  began  to  move  from  the  subgrain  boundaries  of 
the  crystal  hence  obscuring  the  measurements  and  invalidating  the  results. 
Apparently  the  aging  treatment  was  not  sufficient  to  permit  complete  pinning  at 
room  temperature  a  point  to  which  we'll  return  in  the  subsequent  discussion. 

Discussion  of  Results 

Because  of  the  difficulties  encountered  in  specimen  preparation,  measure¬ 
ments  of  dislocation  velocity  were  attempted  only  at  the  two  temperatures  indicated, 
and  hence  any  attempt  to  correlate  the  stress  required  to  maintain  a  fixed  velocity 
and  the  flow  stress  at  various  temperatures  will  be  incomplete.  However,  it  is 
interesting  to  note  that  at  77 “K  the  proportional  limit  (the  first  deviation  of  the 
load  elongation  curve)  occurs  at  a  dislocation  velocity  of  about  4  x  10“®  cm/sec, 
and  at  298 ®K  the  velocity  at  the  proportional  limit  is  10"®  cm/sec.  This  factor  of 
4  is  in  good  agreement  considering  the  difficulties  encountered  in  the  298  “K 
velocity  measurements,  the  inaccuracy  in  the  determination  of  the  proportional 
limit,  and  the  variation  in  the  measured  values.  The  stress  values  used  are  those 
obtained  for  the  [001]  axis  crystals  described  in  the  previous  section  because  these 
crystals  were  grown  using  the  same  starting  material  and  under  the  same  conditions 
(two  passes)  as  those  used  for  the  velocity  measurements. 

As  Guard(^^)  and  more  recently  Hahn(52)  pointed  out,  there  should  be 
a  simple  relation  between  the  strain  rate  sensitivity  and  the  power  dependence  of 
the  dislocation  velocity  on  stress.  This  relation  is  derived  from  the  equation 
Y=  nbv,  where  y  is  the  strain  rate,  n  is  the  number  of  mobile  dislocations,  v  is 
the  velocity  of  the  dislocations,  and  b  is  the  Burgers  vector.  Guard  gives  the 
equation  as 

d  In  €  d  In  V  d  In  n 

. .  — —  +  — — 

dlna  dlno  dlno 

The  first  term  is  the  reciprocal  of  the  strain  rate  sensitivity  and  second  is  the 
power  dependence  of  the  dislocation  velocity  on  stress.  They  are  related  by  the 
third  term  which  is  the  change  in  the  density  of  dislocations  moving  in  a  crystal  as 
a  function  of  stress.  As  Johnston  has  recently  shown  for  LiF,  d  InVd  Ino  can 
be  measured  by  measuring  the  strain  rate  sensitivity  as  a  function  of  strain.  He 
finds  that  the  strain  rate  sensitivity  is  a  function  of  strain  in  LiF  and  if  a  linear 
plot  of  strain  rate  sensitivity  vs  strain  is  made  the  extrapolation  to  zero  strain 
gives  the  reciprocal  of  the  power  dependence  of  the  dislocation  velocity  on  stress. 

It  is  unfortunate  for  science  that  this  procedure  is  not  applicable  to  all  materials 
as  csm  be  seen  by  comparing  the  previously  measured  strain  rate  sensitivities 
of  tungsten  with  the  dislocation  velocity  results.  As  was  pointed  out  previously, 
the  strain  rate  sensitivity  of  tungsten  single  crystals  is  not  strain  dependent  in  the 
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range  of  strain  investigated  (0. 5  to  10  per  cent).  Measurements  at  lower  strain 
proved  unsuccessful  primarily  because  of  the  high  apparent  work-hardening  rate 
of  the  crystals.  In  one  case,  crystal  WB-2,  the  strain  rate  sensitivity  was 
apparently  strain  dependent,  but  the  reciprocal  of  the  strain  rate  sensitivity 
extrapolated  to  zero  strain  indicates  that  the  dislocation  velocity  should  be 
proportional  to  the  60th  power  of  stress,  a  value  six  times  the  measured  value. 

It  is  apparent  that  the  third  tjprm  in  the  equation  above  has  a  large  influence  on  the 
strain  rate  sensitivity.  This  is  also  consistent  with  the  observations  of  a  high 
apparent  work-hardening  rate  in  tungsten. 

A  striking  feature  of  these  results  is  the  very  high  dislocation  velocity  at 
the  upper  yield  strength  which  the  extrapolated  data  at  77 would  indicate.  V  at 
T  =  80, 000  psi  is  in  excess  of  10'  cm/sec.  This  is  far  from  the  limiting  velocity 
of  sound  in  tungsten,  but  is  higher  than  any  velocity  encountered  under  normal 
testing  conditions  in  the  other  materials  for  which  velocity  measurements  have 
been  made.  This  one  fact  raises  an  important  question  as  to  the  relation  between 
dislocation  mobility  and  the  brittle  behavior  of  tungsten. 

Consider  the  slip  line  data  and  yield  point  observations  presented  in  the 
previous  section.  There  it  was  shown  that  the  plastic  deformation  associated  with 
the  3deld  point  load  drop  was  confined  to  a  series  of  narrow  glide  bands,  and  in  one 
case  a  single  shear  band  accounted  for  20  per  cent  of  the  total  elongation.  Further, 
this  deformation  occurred  fast  enough  to  produce  a  shock  wave  which  could  be 
heard.  Such  rapid  plastic  flow  must  be  the  result  of  (1)  a  high  dislocation  velocity 
and  (2)  the  motion  of  a  large  number  of  dislocations. 

Whether  Johnston' s^^®)  model  of  the  yield  point  or  Cottrell's(^^)  model  is 
assumed  to  be  correct,  the  presence  of  the  large  yield  drop  in  aged  tungsten  crystals 
is  indicative  of  the  presence  of  a  small  number  of  mobile  dislocations.  Hence  the 
requirement  that  there  be  a  large  number  of  mobile  dislocations  to  account  for  the 
rapid  unloading  of  a  crystal  is  tantamount  to  saying  that  the  rate  of  dislocation 
multiplication  must  be  high.  It  is  entirely  possible  that  these  two  phenomena  when 
occurring  in  a  polycrystalline  sample  coidd  produce  a  large  tensile  stress  at  a 
grain  boundary.  If  the  adjacent  grain  has  pinned  dislocations  and  the  stress  cannot 
be  relieved  immediately  by  plastic  flow,  cleavage  or  grain  boundary  failure  will 
result.  There  is  nothing  new  in  this  general  idea,  but  here  is  direct  evidence  that 
very  high  dislocation  velocities  are  possible  at  nominal  stress  and,  second,  that 
when  hi^  velocities  are  possible,  plastic  strain  can  be  limited  to  very  narrow 
regions  in  a  crystal.  The  results  of  the  current  work  by  Hahn  and  co-workers  on 
Cr  will  be  very  interesting  in  light  of  these  observations. 

The  observation  that  at  room  temperature  high  stresses  can  move  dislo¬ 
cations  which  were  apparently  pinned  at  lower  temperatures  has  important  specu¬ 
lative  bearing  on  the  current  argument  over  the  yield  point  phenomenon.  Cottrell 
has  argued  that  the  yield  point  phenomenon  encountered  in  body-centered  cubic 
metals  is  the  direct  result  of  the  thermal  assisted  escape  of  dislocations  from 
their  impurity  atmospheres.  He  assumes  that  unpinning  will  result  in  an  immediate 
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load  drop.  Johnston  and  Hahn  argue,  on  the  other  hand,  that  it  is  the  number  of 
mobile  dislocations  present  in  a  crystal,  their  multiplication  rate,  the  stress 
dependence  of  the  velocity,  and  the  work  hardening  which  determine  the  yielding 
phenomenon. 

Both  points  of  view  cannot  be  right,  but  a  slight  modification  of  the 
Cottrell  model  brings  both  points  of  view  into  agreement;  namely,  permit  thermal 
unpinning  at  a  stress  below  the  upper  yield  point,  and  now  Johnston's  model 
describes  the  further  behavior  of  the  specimen.  I  believe  the  observations  made 
on  the  tungsten  crystals  support  this  point  of  view.  Since  unpinning  and  motion 
of  dislocations  were  observed  to  occur  above  the  lower  yield  point  and  below  the 
upper  yield  point,  then  some  dislocations  must  be  moving  below  the  upper  yield 
point.  Even  though  pre-yield  microstrain  was  seldom  observed  in  previously 
described  tensile  experiments,  it  was  observed.  The  exact  shape  of  the  expected 
stress  strain  curve  for  tungsten  cannot  be  constructed  using  Johnson's  model 
since  the  multiplication  rate  is  not  known.  However,  the  densities  of  mobile 
dislocations  present  at  the  upper  yield  point,  calculated  from  the  equation; 

y  =  nbv  y  =  shear  strain  rate  =  4  x  10"®/sec 

n  =  density  of  mobile  dislocations 
b  =  Burgers  vector 
^  =  dislocation  velocity 

=  1.  5  X  10^  cm/sec  at  tu.  y.  p. 

are  consistent  with  Johnston and  Hahn's^^^)  conclusions.  The  calculated 
density  of  mobile  dislocations  are  10^  dislocations/cm®  at  77 ®K  and  10^ 
dislocations/cm*  at  298  ®K.  Hence  at  the  upper  yield  point  only  between  10^  and 
10*  dislocations/cm®  are  required  to  be  moving.  Considering  the  rate  of 
multiplication  evidenced  by  the  rate  of  load  drop  and  assuming  an  equivalent 
multiplication  rate  prior  to  the  upper  yield  point,  it  is  understandable  that  pre¬ 
yield  microstrain  might  not  be  observed. 

While  in  a  speculative  mode  it  is  reaisonable  to  carry  the  arguments  one 
step  further.  It  is  common  practice  to  assume  that  if  the  yield  strength  of  a 
material  vs  the  reciptocal  of  the  absolute  temperature  is  a  straight  line,  then 
yielding  is  a  thermally  activated  process.  By  the  arguments  stated  above  it  is 
obvious  that  such  a  conclusion  is  justified  only  if  the  material  under  investigation 
exhibits  no  pre-yield  microstrain,  i.e. ,  that  thermal  unpinning  of  previously 
immobilized  dislocations  results  in  an  immediate  load  drop.  If  pre-yield  micro¬ 
strain  is  present,  the  upper  yield  point  will  be  controlled  in  Johnston's  model  by 
the  multiplication  rate  for  dislocations,  the  velocity  of  the  dislocations  apropos 
of  the  existing  stress,  and  the  work-hardening  characteristics  of  the  crystal.  It 
is  not  clear  that  such  a  complex  process  would  be  expected  to  have  a  temperature 
dependence  characteristic  of  a  thermally  activated  process  except  by  coincidence. 

It  is  also  clear  from  the  evidence  of  the  load  drop  experienced  in  tungsten  that  the 
absence  of  pre-yield  microstrain,  in  standard  testing  practice,  means  that  no  dislo 
cation  motion  is  possible  below  the  upper  yield  point. 
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Summary 


The  stress  dependence  of  the  velocity  of  dislocations  in  tungsten  can  be 
represented  by  the  now  familiar  equation: 


The  power,  m,  is  a  function  of  temperature  and,  as  is  true  for  LiF  and  3. 25  per 
cent  Si-Fe,  m  decreases  with  increasing  temperature.  Arguments  are  presented 
which  support  the  Johnston  model  of  yielding  in  single  crystals,  and  a  modification 
of  the  Cottrell  model  is  suggested  which  would  make  both  theories  compatible. 
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Fig.  50  Orientation  of  crystals  used  for  dislocation 
velocity  measurements. 


Fig.  51  Character  of  scratch  formed  on  (11?,) 
type  surface  of  tungsten  crystal  scratched  at 

2b0X 
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SECTION  OF  CONSTANT  APFLIEO  STRESS 


SCRATCH 

Fig.  52  Schematic  illustration  of  influence  of 
residual  stresses  created  by  the  scratching 
process  on  the  movement  of  dislocations  in 
the  vicinity  of  the  scratch.  See  text. 


Fig.  53  Schematic  illustration  of  dislocation  motion  from 
a  scratch  as  a  function  of  the  applied  stress  and  the 
stress  concentration  at  the  scratch.  See  text. 
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Fig.  54  Dislocation  motion  from  a  scratch  in  tungsten,  250X.  (a)  Crystal  r.tressed 
at  77®K;  (b)  crystal  stressed  at  298°K.  Difference  in  number  of  dislocations 
moving  from  the  scratch  is  the  result  of  both  temperature  and  -applied  stress. 
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APPENDIX  A 


RECRYSTALLIZATION  CHARACTERISTICS  OF 
COLD-ROLLED  TUNGSTEN  SINGLE  CRYSTALS 

H.  W.  -Schadler 


INTRODUCTION 

In  preparation  for  a  study  of  the  effect  of  purity  and  grain  size  on  the 
ductile  to  brittle  transition  temperature  of  polycrystalline  tungsten,  the  recrystal¬ 
lization  characteristics  of  cold-rolled  tungsten  single  crystals  produced  by  elec¬ 
tron  bombardment  floating  zone  refining  were  studied.  Tungsten  single  crystals 
of  various  orientations  were  rolled  44,  70,  76,  and  85  per  cent  reduction  in  area 
at  450"  and  400"C  and  annealed  at  temperatures  from  600*  to  1600"C.  The 
annealed  specimens  were  examined  microscopically  to  determine  whether  recrys¬ 
tallization  had  occurred,  and  the  hardness  of  the  samples  was  measured. 

MATERIAL 

The  tungsten  single  crystals  used  for  these  experiments  were  grown  by 
electron  bombardment  floatii^  zone  refining.  The  technique,  developed  by 
Calverly,  Davis  and  Lever,  has  been  described  in  a  previous  report.  (2)  The 
four  crystals  used  in  these  experiments  received  two  zpne-refining  passes  each 
and  were  gjrown  in  a  vacuum  of  lO’^mm  of  Hg.  The  orientation  of  the  four  crys¬ 
tals  is  shown  in  Fig.  1  which  indicates  the  plane  of  rolling  (R.  P. )  and  the  initial 
rolling  direction  (R.  D. ).  Each  crystal  provided  two  samples. 

PROCEDURE:  ROLLING 

Several  methods  of  cold-working  were  tried  to  determine  the  most  satis¬ 
factory  technique  for  deforming  single  crystals  of  tungsten  uniformly  without  con¬ 
taminating  the  material.  Rolling  of  the  crystals  at  room  temperature  in  air  or 
encased  in  stainless  steel  was  abandoned  early  because  the  crystals  failed  by 
cleavage  at  any  reasonable  strain  rates.  Some  samples  encased  in  stainless  steel 
were  successfully  drawn  75  per  cent  at  500 *C,  but  this  technique  was  abandoned 
because  the  casing  was  difficult  to  remove.  Crystals  could  be  drawn  or  rolled  at 
450"C  in  air,  but  since  it  was  felt  that  protection  from  contamination  was  essential 
to  maintain  ^e  purity  of  the  crystal,  the  following  technique  was  finally  adopted 
for  introducing  high  plastic  strains.  The  one-eighth-inch  diameter  crystals  were 
surface  ground  to  a  rectangular  cross  section  0. 060  x  0. 080  inch  and  samples 
about  2  inches  long  were  then  encased  in  stainless  steel.  The  specimens  fitted 
snugly  in  a  blind  slot  in  a  stainless  block  1  inch  wide  x  3  inches  long  x  3/16  inch 
thick,  A  second  stainless  block  1  inch  wide  x  3  inches  long  x  3/8  inch  thick  was 
welded  on  top  of  the  first  to  completely  enclose  the  specimen.  To  prevent  bonding 
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of  the  specimen  to  the  casing,  the  surface  of  specimen  was  coated  in  milk  of 
magnesia.  After  welding,  the  assembly  was  surface  ground  to  a  uniform  1/4  inch 
thickness. 

This  assembly  was  rolled  at  nominal  furnace  temperatures  of  400“  to  450 *C. 

The  samples  were  heated  for  2  hours  before  rolling  and  a  15-minute  reheat  time 
was  used  between  passes.  Bolling  schedules  were  designed  to  produce  a  10  per  cent 
reduction  of  actual  thickness  per  pass.  It  was  found  that  except  for  total  reductions 
greater  than  80  per  cent,  the  specimen  and  the  stainless  steel  casing  were  reduced 
uniformly.  Two  rolling  techniques  were  used.  For  the  first  samples,  the  rolling 
direction  was  along  the  length  of  the  specimen;  compression  rolling  was  used  in 
later  experiments  to  produce  a  wider  sample.  For  the  compression  rolling  the 
sample  was  turned  45“  to  the  rolling  direction  of  the  previous  pass  for  each  subse¬ 
quent  pass. 

The  stainless  steel  casing  was  removed  from  the  sample  by  cutting  the 
stainless  adjacent  to  either  side  of  the  sample  and  at  each  end.  The  two  pieces  of 
stainless  then  separated,  and  the  sample  was  removed  from  the  original  slotted 
section  by  the  application  of  a  bending  moment  perpendicular  to  the  long  axis  of 
the  specimen. 

Table  I  summarizes  the  rolling  information  and  for  each  sample  includes 
the  rolling  temperature,  the  per  cent  reduction  in  area,  the  true  strain,  the  as- 
rolled  hardness,  and  type  of  rolling.  The  hardness  of  the  as-grown  crystals  was 
between  320  and  340  Vickers.  The  hardness  values  reported  in  Tables  I  and  II  are 
the  averages  of  four  readings.  The  first  sample  rolled  was  200-2,  and  since  no 
recrystallization  was  observed  after  45  per  cent  reduction  and  heating  to  1600“C, 
the  remaining  specimens  were  rolled  to  higher  per  cent  reductions,  between  70  and 
85  per  cent. 

PROCEDURE:  ANNEALING  AND  SAMPLE  PREPARATION 

The  recrystallization  of  the  cold-rolled  single  crystals  was  carried  out  by 
heating  one-half-inch  lengths  of  specimen.  Samples  annealed  at  temperatures  to 
1300“C  were  heated  in  the  evacuated  quartz  capsules,  and  samples  annealed  at 
1600“C  in  flowing  pure  dry  hydrogen  were  wrapped  in  tungsten  foil  to  prevent  direct 
contact  with  the  furnace  refractories.  Heating  times  of  from  15  minutes  to  1  1/2 
hours  were  used,  and  samples  were  cooled  with  the  furnace  over  an  8-hour  period 
to  300“C  before  removal  from  the  furnace.  The  annealed  samples  were  electro- 
polished  in  2  per  cent  NaOH  at  12  volts  with  respect  to  a  stainless  steel  cathode 
and  etched  in  Wolff's'^)  reagent  for  15  seconds  at  45“C.  Wolff's  reagent  is  a  mix-  ♦ 
ture  of  two  parts  of  a  25  wt  per  cent  CUSO4  solution  with  one  part  reagent  grade 
NH4OH.  The  specimens  were  then  examined  for  signs  of  recrystallization,  and  the 
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Vickers  hardness  number  of  the  specimens  was  determined  usiriga  5DCr-gram  load-and-the 
specimens  were  examined  for  signs  of  recrystallization.  A  specimen  was  consid¬ 
ered  to  be  completely  recrystallized  if  new  grains  covered  the  entire  s.urfacej 
Fig.  2  shows  an  example  of  a  portion  of  specimen  191-1  which  is  completely  re¬ 
crystallized  after  annealing  for  one-half  hour  at  1200*0.  A  specimen  was  consid¬ 
ered  to  be  partially  recrystallized  if  new  grains  cover  only  a  portion  of  the  surface. 
Figure  3  shows  two  examples  of  partially  recrystallized  structures.  Figure  3(a) 
shows  a  portion  of  crystal  191-2  annealed  for  one-half  hour  at  1000*0,  and  Fig. 

3(b)  shows  a  portion  of  sample  195-1  annealed  for  one-quarter  hour  at  1300*0. 

Note  that  the  magnification  is  greater  than  that  in  Fig.  3(a)  and  that  the  new  grains 
in  Fig.  3(b)  (arrow)  are  only  about  10  microns  in  diameter. 

RESULTS 

The  results  are  presented  in  Table  II  and  in  graphical  form  in  Figs.  4, 5, 
and  6.  Table  n  summarizes  the  annealing  treatments  and  the  hardness  data  and 
indicates  whether  the  specimen  recrystallized.  Figure  4  shows  the  change  in 
hardness  of  the  as-rolled  crystals  as  a  function  of  the  true  strain,  defined  as  the 
natural  logarithm  of  the  ratio  of  the  original  to  the  final  cross-sectional  area. 
Although  there  is  considerable  scatter,  the  hardness  can  be  represented  as  increas¬ 
ing  Uniformly  with  strain.  The  effect  of  annealing  temperature  on  the  room  tem¬ 
perature  hardness  is  illustrated  in  Figs.  5  and  6.  The  points  on  Figs.  5  and  6 
which  have  an  R  next  to  them  indicate  completely  recrystallized  specimens.  These 
data  show  that  unless  the  hardness  is  less  than  340  Vickers,  recrystallization  is 
not  complete.  Since  the  grain  size  of  the  completely  recrystallized  specimen  is 
much  greater  than  the  size  of  the  hardness  impression,  the  hardness  of  the  recrys¬ 
tallized  samples  should  be  the  same  as  an  as-grown  crystal  if  no  contamination 
has  occurred  during  annealing.  Since  there  is  no  appreciable  difference  in  the 
hardness  of  the  fully  recrystallized  specimens  whether  annealed  in  vacuum  or  in 
hydrogen,  and  since  the  hardness  of  the  fully  recrystallized  samples  is  the  same 
as  the  hardness  of  the  as-grown  crystals,  no  contamination  which  affects  the  hard¬ 
ness  has  occurred  during  annealing.  On  the  partially  recrystallized  specimens, 
the  hardnesses  reported  are  impressions  made  on  unrecrystallized  portions  of  the 
specimen.  It  is  apparent  from  Fig.  5  that,  for  strains  below  about  70  per  cent 
reduction  in  area,  the  recrystallization  temperature  is  a  function  of  the  amount  of 
strain.  This  is  illustrated  by  specimens  200-2  and  200-1  which  have  the  same 
initial  orientation  and  were  reduced  45  and  71  per  cent,,  respectively,  at  450“C. 
Samples  from  specimen  200-2  did  not  recrystallize  at  annealing  temperatures  to 
1600*C  while  samples  from  200-1  recrystallized  completely  at  1600® C.  For 
strains  greater  than  70  per  cent  reduction  in  area,  it  is  not  apparent  from  the  data 
in  Fig.  6  that  the  recrystallization  temperature  is  a  function  of  the  amount  of  strain. 
Samples  191-1,  192-1,  and  191-2  rolled  to  77,  80,  and  85  per  cent  reduction  in 
area,  respectively,  at  450"C  show  essentially  the  same  changes  of  hardness  with 
annealing  temperature  aind  complete  recrystallization  below  1200® C.  The  only 
exception  is  sample  195-2  which  was  rolled  to  75  per  cent  reduction  in  area  at400*C 
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and  has  not  recrystallized  after  annealing  at  1300  "C.  Since  crystals  191  and  192 
have  very  different  initial  orientations  and  very  similar  recry staUization  charac¬ 
teristics  and,  since  crystal  195  has  an  orientation  very  similar  to  192,  the  differ¬ 
ence  in  recrystallization  characteristics  of  specimen  195-2  is  probably  not  related 
to  any  orientation  differences.  The  fact  that  specimen  195-2  was  rolled  at  a  lower 
temperature  does  not  explain  this  result  either.  Since  no  specimen  rolled  less  than 
77  per  cent  recrystallized  below  1600®C  and  all  specimens  rolled  77  per  cent  or 
more  recrystallized  between  1200®  and  1300*C,  these  data  suggest  that  there  is  a 
critical  strain  of  between  75  and  77  per  cent  reduction  in  area  for  recrystallization 
at  temperatures  of  1200®  to  1300  ®C. 

The  effect  of  annealing  temperature  on  the  grain  size  of  the  recrystallized 
material  is  illustrated  by  Figs.  7(a)  and  (b).  The  samples  shown  in  Fig.  7  were 
taken  from  specimen  191-1  rolled  77  per  cent  at  450®C.  Figure  7(a)  shows  a  sample 
annealed  for  one-half  hour  at  1300®C  and  Fig.  7(b)  shows  a  sample  annealed  for  1/4 
hour  at  1600®C.  The  grain  size  is  about  0. 19  millimeter  in  both  samples.  It  is 
apparent  from  Figs.  7(a)  and  (b)  and  from  Fig.  7(c),  which  shows  a  recrystallized 
structure  in  specimen  191-2  rolled  to  85  per  cent  reduction  in  area  and  annealed 
at  1100*C  with  recrystallized  grains  0.08  millimeter  in  diameter,  that  it  is  difficult 
to  obtain  a  large  range  of  grain  sizes  by  annealing  treatments  below  1600®C  and 
reductions  in  area  of  85  per  cent  or  less.  Higher  temperature  treatments  will 
probably  produce  larger  grain  size,  but  no  samples  have  been  annealed  above  1600®C. 

CONCLUSIONS 

This  study  has  shown  that  polycrystalline  tungsten  can  be  produced  from 
zone-refined  single  crystals  by  a  suitable  combination  of  cold  reduction  and  anneal¬ 
ing.  It  has  further  shown  that  it  will  be  difficult  to  obtain  very  fine  grained  material 
or  a  large  variation  in  grain  size  for  heat  treatments  of  samples  cold-rolled  to  less 
than  85  per  cent  reduction  in  area  at  temperatures  below  1600®C. 
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Fig.  1  Orientation  of  specimens  used  in  cold¬ 
working  experiments.  R.  P.  indicates  rolling 
plane  and  R.  D.  indicates  initial  rolling  direction. 
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TABLE n 

Summary  of  Heat  Treatment  and  Hardness  Data  on  Cold-Rolled 
_ MdJVnnealed  Tungsten  Slimrift  CrrrHtais _ 


Crystal 

No. 

Reduction 

In  Area 

Heat  Treatment 
Temp  Time 

(!CL  JhrL 

Vickers 
Hardness 
(500-e  load) 

Evidence  of 

Average 
Grain  Size 
(mm) 

200-2 

45 

•  • 

406 

•  • 

1600 

0.5 

383 

Partial  recryst. 

— 

200-1 

71 

— 

-- 

447 

— 

— 

600 

1.5 

433  j 

800 

0.5 

393  / 

No  recryst. 

— 

1000 

.5 

387  i 

— 

1200 

.5 
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— 

195-1 

72 

— 
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445 
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372  ) 
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.5 

348  ; 

Recrystallized 

1300 

.25 

337  * 

93- 


Fig.  2  Sample  from  specimen 
191-1  rolled  to  77  per  cent 
reduction  in  area  and  annealed 
for  one-half  hour  at  1200“C. 

75X 


Fig.  3  (a)  Sample  from  specimen  191-2  rolled  to  85  per  cent  reduction  in 
area  and  annealed  for  one-half  hour  at  1000*C;  (b)  Sample  from  specimen 
195-1  rolled  to  77  per  cent  reduction  in  area  and  annealed  for  one-quarter 
hour  at  1300*C. 
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Fig.  4  Vickers  hardness  of  single  crys¬ 
tals  as  a  function  of  true  strain. 


Fig.  5  Effect  of  annealing  tem¬ 
perature  on  the  hardness  of 
specimens  Nos.  200-1,  200-2, 
and  195-1. 
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Fig.  6  Effect  of  annealing  tem¬ 
perature  on  the  hardness  of 
specimens  Nos.  195-2,  191-1, 
192-1,  191-2. 
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m  A  DEFORMATION  TWINS 

IN  A  MOLYBDENUM-35  PER  CENT  RHENIUM  ALLOY 


H.W.  Schadler  and  A.  Lawley* 


INTRODUCTION 


recognized  as  a  possible  mode  of  deformation  in 
crystalline  solids  and  has  been  studied  in  a  wide  variety  of  crystals  (1)  ReeenHv 

beinTppnT  topographical  chiacterisSs  of  twI^  S’ 

n,!m  juh  ^  body-centered  cubic  alloys  of  tungsten  S^moMKie- 

n^  with  rhenium.  (3-7)  These  markings  have  been  ideniied  ^iS  Sca^. 

lo  visible  after  polishing  and  etching: (2»  3)  (£)  their  formation  is  aceomw 

pani®d  by  ^  audible  click  and  a  drop  in  load^4)  and  (3)  the  habit  ninno  is  1 112 1  Thi> 

5“  '^®"  plane  for  ive^  bo^-center^  c2c 

metals,  i  )  However,  there  has  been  no  published  evidence  for  the  sMeiflr»  ® 

nauon  of  the  twlnoiog  direction  in  rhenltS^aUoys 

because  ust^y  the  deformaUon  twins  were  not^?,^^ou^hnrdeCjSth  a 

siretteS,r^''fr-.  (Ill]  is  inferred  «ftetw“ Motion 

pl^  (112^^^''  “s  in  s  Plsne  of  symmetry  perpendicular  to  the  twi^ng 


As  Sims  and  Jaffee(3)  and  Lawley  and  Maddin(4)  have  shown  the  addin nn 
^  molybdenum  and  tungsten  increases  the  ductility  of  the’alloy  over 
that  of  the  pure  metal,  but  twinning  is  much  more  profuse  in  these  allovs  than  in 
me  pu^  elements,  particularly  at  Mo-35  per  cent  Ret  “dw-^p^r  cfnt  lS 
frSSs  ®  associated  with  brittle  fracture  in  iron(8)  aS  me  sii^on- 

1  lii  dij^ct  experimental  proof  that  the  deformation  markings  in  tungsten  and 
molybdenum  alloys  of  rhenium  are  twins  seemed  to  be  neeSm  ^  ^ 


.  Usi^  the  Laue  back-reflection  technique  with  a  microfocus  x-rav  inho 


“•University  of  Pennsylvania. 
tAll  compositions  quoted  are  in  atomic  per  cent. 
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EXPERIMENTAL  TECHNIQUE 


The  molybdenuin>35  per  cent  rhenium  specimen  used  was  taken  from  a 
0.060-inch  zone-refined  single  crystal  deformed  6  per  cent  in  tension  at  78®K. 

The  Laue  back-reflection  technique,  with  a  film  to  specimen  distance  of  2  cm,  and 
white  radiation  from  a  copper  target  were  used.  The  x-ray  beam  was  25u  in 
diameter  and  the  exposure  time  was  about  60  hours. 

EXPERIMENTAL  RESULTS 

The  deformation  markings  formed  in  molybdenum-35  per  cent  rhenium 
deformed  in  tension  at  are  shown  in  Fig.  1.  The  orientation  of  the  original 
single  crystal  (hereafter  referred  to  as  matrix)  is  indicated  by  the  indexed  points 
in  Fig.  2.  Three  different  sets  of  twins  were  identified  on  the  sample,  and  the 
three  traces,  identified  as  AA,  BB,  CC,  and  the  corresponding  poles,  identified 
by  the  open  circles  marked  Pa,  Pb,  Pq,  are  also  indicated  on  Fig.  2.  The 
experimental  points  used  for  the  trace  analysis  are  represented  as  small  crosses. 
The  largest  and  most  numerous  markings  were  formed  on  the  (211)  plane  identified 
by  the  pole  Pa,  and  these  were  the  ones  subjected  to  x-ray  analysis.  If  the  markings 
are  in  fact  deformation  twins  and  [Ill]  is  the  twinning  direction,  then  the  resulting 
orientation  of  the  twin  with  respect  to  the  matrix  would  be  as  represented  by  the 
solid  symmetry  symbols  in  Fig.  2. 

Figure  2  was  used  as  a  guide  in  analyzing  the  Laue  back-reflection  pattern 
shown  in  Fig.  3.  If  the  Laue  pattern  contains  poles  belonging  both  to  the  matrix 
and  to  the  twinned  material  (as  is  the  case),  then  the  symmetry  evident  in  Fig.  2 
can  be  used  to  identify  the  poles  in  Fig.  3.  The  pole  closest  to  the  center  of  the 
stereographic  projection  is  the  (Oil)  pole  of  the  matrix. 

About  the  (Oil)  pole  of  Fig.  2  the  matrix  has  twofold  symmetry,  both  east- 
west  and  north-south.  The  twin,  however,  has  only  twofold  symmetry,  east-west. 
Therefore,  the  poles  representing  the  twinned  orientation  woidd  show  only  east-west 
symmetry.  Figure  3  is  a  tracing  of  the  back-reflection  pattern  in  which  the 
individual  poles  have  been  identified  and  divided  into  the  categories  given  below  the 
figure.  Within  the  region  outlined  by  the  zone  traces  marked  II-013-II-(114)-A, 
etc. ,  the  symmetry  of  almost  all  the  Laue  spots  can  be  checked.  Spots  having  two¬ 
fold  symmetry  both  north-south  and  east-west  and  hence  originating  from  the 
matrix  material  are  represented  as  dots.  Those  spots  having  twofold  symmetry 
east-west  only  and  identifiable  as  originating  from  the  deformation  markings  are 
represented  by  the  open  squares.  The  other  representations  are  identified  in  the 
key  below  Fig.  3.  As  a  guide  in  analyzing  this  pattern  the  Laue  reflections 
originating  from  the  matrix  are  indexed  in  the  same  sense  as  the  indexing  on  the 
stereographic  projection  in  Fig.  2.  The  Laue  reflections  from  the  lattice  of  the 
deformation  markings  are  identified  as  to  type  by  the  numbers  contained  in 
parenthesis. 
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Fig.  1  Deformation  markings  formed  in 
Mo-35  per  cent  Re  alloy  deformed  6  per 
cent  in  tension  at  78*K.  50QX 


Fig.  2  Steroographic  projection  indicating  orientation  of  the  single  crystal 
matrix  (indexed  poles)  the  traces  of  the  deformation  markings  (dotted 
lines),  and  the  orientation  of  the  deformation  twin  (solid  symmetry 
figures)  which  would  result  from  twinning  on  the  (211)  plane  in  the  [Til] 
direction. 
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•  SYMMETRY  :  NORTH-SOUTH  AND  EAST- WEST- MATRIX 
0  TEST  FOR  SYMMETRY  NOT  POSSIBLE 

O  SYMMETRY:  EAST- WEST  ONLY- TEST  FOR  NORTH -SOUTH 
SYMMETRY  NOT  POSSIBLE 

□  SYMMETRY:  EAST- WEST  ONLY- IDENTIFIABLE  AS 
TWIN  MATERIAL 

A  EXCLUSIVE  IDENTIFICATION  NOT  POSSIBLE  OR  NOT 

MADE 

A  122  MATRIX  OR  (100)  TWIN 
B  255  MATRIX  OR  (112)  TWIN 

Fig.  3  Tracing  of  the  Laue  back  reflection  pattern  obtained  from  deformed 
single  crystal.  The  film  to  specimen  distance  is  2  cm. 
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'  ALONG  <IOO>  OF  MATRIX 


Fig.  4  Schematic  representation  of  atomic  positions  before-  and  after  twinning. 
Circles  are  in  the  plane  of  the  paper  and  x  and  +  are  in  the  plane  immediately 
above  (or  below)  the  paper. 

#  and  +  refer  to  matrix 
0  and  X  refer  to  twin  lattice. 
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The  Laue  reflections  represented  as  open  squares  were  used  to  determine 
the  orientation  of  the  deformation  markings,  and  the  result  is  identical  with  the 
orientation  of  the  twin  indicated  on  Fig.  2.  Thus  this  back-reflection  picture 
constitutes  proof  that  the  deformation  markings  in  this  molybdenum-35  per  cent 
rhenium  sample  are  in  fact  twins  with  a  |211|  habit  plane  and  a  <lll>  shear 
direction. 

In  addition  to  the  x-ray  analysis  an  attempt  was  made  to  measure  twinning 
shear  directly  on  the  surface  of  the  sample.  Figure  4  shows  a  schematic  represen¬ 
tation  of  the  original  and  final  positions  of  the  atoms  for  the  matrix  and  twin 
orientation  which  Figs.  2  and  3  indicate.  The  angle  of  the  twinning  shear  can  be 
calculated  if  the  distances  b  and  h  are  measured.  The  calibrated  fine  adjustment  of 
the  microscope  was  used  to  measure  ^  and  an  eyepiece  micrometer  was  used  to 
measure  h.  The  two  widest  twins  present  on  the  sample  were  measured.  The 
values  of  The  angle  a  calculated  from  these  measurements  were  14  degrees  and  16 
degrees.  The  theoretical  value  of  a  is  19®  28'.  The  agreement  is  good  considering 
the  inaccuracies,  but  can  be  considered  only  secondary  evidence. 

CONCLUSIONS 

X-ray  evidence  has  shown  that  in  a  molybdenum-35  per  cent  rhenium  alloy 
which  was  deformed  at  78®K,  deformation  twins  form  on  jll2 1  planes  by  shear 
in  the  <lll>  direction  which  lies  in  the  twinning  plane.  Since  the  deformation 
markings  formed  at  room  temperature  in  Mo-35  per  cent  Re  form  with  the  same 
audible  click  and  drop  in  load  as  the  twins  formed  at  78 ®K  and,  since  these  markings 
form  on  ill2  i  planes,  they  are  assumed  to  be  twins  also. 
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